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Abstract 
Use of Concrete Filled Steel Tube columns is becoming increasingly popular in high 
rise buildings due to their composite action, superior strength, seismic and fire 
resistance capacities and construction simplicity. These composite columns and the 
reinforced concrete (RC) lift core in the framing systems of high rise buildings are 
commonly coupled with reinforced concrete outrigger and belt systems to facilitate 
lateral load resistance. Axial shortening (AS) of the vertical structural components 
due to time dependent phenomena of basic creep, shrinkage and elastic deformation, 
is an inherent challenge in concrete high rise construction. Differential Axial 
shortening (DAS) can cause serviceability problems including tilting of floor plates, 
distortion of non-structural elements such as claddings and facades and adversely 
affect lift guide rails and electrical and plumbing systems. The creep and shrinkage 
of Concrete Filled Tube (CFT) columns develop more rapidly, but are comparatively 
lower in magnitude than for RC columns due to the concrete core having no direct 
exposure to the external environment. There is a need for a comprehensive 
understanding of the DAS in CFT buildings which will be different from that in a RC 
building. Yet a holistic approach is not available for DAS quantification in high rise 
buildings constructed with composite CFT columns where all the influencing 
parameters are considered in detail.  
This research developed and applied a comprehensive technique to evaluate the DAS 
in a high rise building with composite CFTs. This technique incorporates the effects 
of (i) construction sequence and concrete levelling (ii) stress relaxation of concrete 
due to the presence of the steel tube (iii) time dependent material properties and (iv) 
effects of belt and outrigger systems.  The predictions of DAS during design stage 
can be different from the actual due to the uncertainties in material properties, 
loading conditions and environmental conditions. As the last stage of this project, 
vibration characteristics of high rise buildings with CFT columns were used to 
develop a procedure to up-date the (design stage) DAS among the vertical load 
bearing structural components during construction stage.   
Abstract 
  
iii 
 
The technique developed in this research and the new information on DAS generated 
will facilitate safer designs of buildings with composite CFT columns and thereby 
enable their smooth operation with reduced maintenance costs. 
Keywords: Concrete filled steel tubes, elastic deformation, creep, shrinkage, time 
dependent material properties, construction sequence, Differential Axial Shortening, 
and load migration  
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CHAPTER 1 
1. Introduction 
1.1. Background 
Combination of steel and concrete provides an excellent composite action and hence use of 
this action to design structural components is well established. Among these, the concrete 
filled tube (CFT) columns have gained popularity in present high rise building construction 
around the globe, due to their many advantages such as the strength increase of concrete 
caused by the confinement effect and the steel by preventing local buckling, the ability of the 
steel shell/skin to be used as form work for the column construction, the superior durability in 
fire conditions, excellent seismic resistance (Hajjar 2000) and the improved aesthetics 
enabling more slender sections.     
   
(a) (b) (c) 
Figure 1-1 Buildings with CFT columns (a) Taipei 101 Tower, Taiwan (b) Guangzhou New TV Tower 
(GNTVT), China (c) Latitude Sydney building, Australia (http://skyscrapercenter.com/building/taipei-101/117, 
canton-tower/9385 and ernst-young-tower-at-latitude/1224) 
Increased usage of CFT columns is evidenced by their applications in super tall buildings 
around the globe. Major landmark projects such as the Taipei 101 tower (Figure 1-1 a), the 
Two Union Square in Seattle USA, Shimizu Super High Rise Building in Tokyo and 
Guangzhou New TV Tower (Figure 1-1 b) China comprise of CFT structural components.  In 
Australia, during the last decade many medium to high rise buildings including Casselden 
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Place and Commonwealth centre in Melbourne, Westralia Square in Perth, Latitude Sydney 
building (Figure 1-1 c) and Myer Centre in Brisbane utilised CFT columns (Uy 2007). 
Guangzhou New TV Tower shown in Figure 1-1 (b) comprises of a reinforced concrete 
interior core and an external structural framing system consisting of 24 CFT columns inclined 
and uniformly spaced in an oval configuration. This type of new generation high rise 
buildings comprise of load bearing structural components which are subjected to high in-
plane and out of plane forces and hence traditional reinforced concrete is not an option for 
these components. 
Axial shortening (AS) of these composite columns due to time dependent phenomena of 
basic creep, shrinkage and elastic deformations is an inherent challenge in high rise buildings. 
The magnitudes of this deformation in each member may differ due to the differences in load 
tributary areas, the loading history and the geometric and material properties. As a 
consequence, the differential axial shortening between these members occurs. Unfavourable 
effects of Differential Axial Shortening (DAS) in buildings constructed with concrete were 
first observed in 1960s, in tall reinforced concrete buildings of more than 30 storeys (Fintel et 
al. 1987). More recently in a 45 storey RC building in Chicago, Illinois William D. Bast et al. 
(2003) measured 4 inches of axial shortening of the core wall at the 45
th
 floor as marked by 
the gap created between the condenser riser pipe and the top of the metal pipe support. They 
further measured similar high axial shortening values in a number of other floors by visual 
inspections of the building, including downward "scrape" on the elevator guide rail produced 
by the mounting bracket at the top floor of each elevator run, highlighting the necessity of 
making the axial shortening study an essential serviceability check for high rise buildings. 
Other studies including those of Baker et al. (2007), Baidya and Fragomeni (2013) and 
Russel and Corley (1977) indicated similar trends by measuring deformations in a number of 
high rise buildings. 
The adverse effects of this DAS in a high rise building include sloping of floor plates, 
cracking in beams and slabs due to the excess stresses induced, buckling of elevator guide 
rails and pipes, damage to partitions and the façade of buildings or column cladding and thus 
reducing the functionality of the structure. Figure 1-2 shows the impact of DAS on a shear 
wall. As indicated in this figure, Stiff horizontal structural systems such as belt and outrigger 
systems are subjected to high stresses (Fintel et al. 1987). Usually, these adverse effects are 
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directly proportional to the height due to the fact that axial shortening is cumulative over the 
building height.  
 
Figure 1-2 Failure of wall panel due to differential axial shortening (Fintel et al. 1987) 
Measures to predict and then mitigate the effects of DAS have therefore to be incorporated in 
the design and construction either by proper schedule of construction or the variation of 
material properties and load balancing. Where this is not possible, a suitable compensation 
strategy has to be implemented during construction, as being done in many reinforced 
concrete buildings constructed around the world. One such example is the world’s tallest 
building in Dubai, where cambering of the slabs (which adjusts the lengths of the vertical 
members with respect to the nominal values) for both vertical and horizontal compensations 
was implemented and a typical constant floor-to-floor height increase was incorporated 
(Baker et al. 2007). Since the absolute values of the DAS (the difference between the axial 
shortening of any two members considered) is of concern, it is important not to overestimate 
or under estimate the total axial shortening of individual composite columns for the success 
of the mitigation or compensation measures.   
It is therefore necessary to conduct the axial shortening analysis with adequate details. The 
factors that need to be considered are accurate inclusion of the time dependent properties of 
creep and shrinkage and corresponding loading conditions and global structural effects by 
specific members such as outriggers, raking columns and transfers (Moragaspitiya et al. 
2010). Moreover, accurate simulation of the real construction sequence with effects of the 
time dependent material responses impacts significantly on the accuracy of axial shortening 
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prediction. This is evident from the typical time dependent loading on a column element in a 
high rise building as illustrated in Figure 1-3(a) and the time varying material properties as 
depicted by Figure 1-3(b). It is also important to include effects of concrete levelling in 
construction sequence modelling as shown in Figure 1-4 which illustrates the axial shortening 
due to elastic strain component for a typical high rise building predicted with and without 
considering concrete levelling effects. Previous research on reinforced concrete structural 
components also indicates that load migration occurs from concrete to steel due to the creep 
and shrinkage and this load migration significantly affects the axial shortening of those 
components (Wang et al. 2008). 
 
Figure 1-3 typical (a) load variation in a column in a high rise building during construction (b) Variation of 
Young’s modulus of concrete with time (Moragaspitiya 2011)  
 
 
Figure 1-4 AS in a high rise building, predicted with and without considering concrete levelling 
The creep and shrinkage of CFT columns develop more rapidly, but are comparatively lower 
in magnitude than those in RC columns (Uy and Das 1997) due to the concrete core having 
no direct exposure to the external environment. Also the steel content in CFT columns can be 
commonly higher than in a RC column. There is thus a need for a comprehensive 
understanding of trends in Differential Axial shortening (DAS) in CFT buildings which will 
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be different from that in RC buildings. Also with current construction trends of (i) using 
higher strength concrete for columns, (ii) faster floor construction cycles, (iii) utilising form 
work systems such as the jump-form type with the core constructed 3-4 cycles before the 
columns and (iv) complex load paths due to irregular buildings, a new appraisal of the DAS 
and a detailed analysis with quantification of all the adverse effects of DAS in a tall building 
is a timely requirement. To the best of the author’s knowledge this information is not 
currently available in the literature for high rise buildings with CFT columns.  
The present study consists of three phases as shown in Figure 1-5. In phase 1, all the 
influencing factors described above are incorporated in the numerical procedure developed to 
quantify the axial shortening of CFT columns and shear walls in the high rise building. The 
adverse effects of DAS that need quantification include (i) the axial load redistribution 
through the stiff horizontal elements such as the outrigger and belt systems (Kurc and Lulec 
2013) and the consequent high transfer stresses which needs to be quantified at the design 
stage (Choi et al. 2012) and (ii) the serviceability problems in a high rise building such as the 
amount of tilt in floor plates and the distortion of non-structural elements such as claddings, 
facades and services.  
 
 
 
 
 
 
 
 
 
 
Figure 1-5 Main phases of the research study 
 
Phase 1 
Develop a rigorous analytical procedure to 
reliably quantify axial shortening of high rise 
buildings with CFT columns and RC shear core 
walls 
 
Phase 2 
Investigate the interaction of outrigger-belt 
system with the structural frame undergoing 
DAS in a high rise building  
 
Phase 3 
Develop a method to update the AS values 
predicted (at design stage) using vibration 
characteristics of high rise buildings with CFS 
columns components during their construction 
and service stages  
core 
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In Phase 2, the emphasis is on the interaction of the outrigger-belt system with the structural 
frame when there is DAS between the vertical elements. The current simplified methods of 
accounting for this interaction are compared with the actual behaviour when this interaction 
is fully accounted for.  
The actual DAS and AS in a building during construction and operation can be different from 
the predicted magnitudes at design stage (quantified in Phases 1 and 2 above) due to 
uncertainties in material, environmental and loading conditions. Therefore, it is necessary to 
update them at construction and service stages of a building. Phase 3 of this study addresses 
this knowledge gap. The instrumentation of high rise buildings with strain gauges to measure 
these actual axial shortening of structural components as construction proceeds and during 
the service life is not common due to the inconvenience of implementation and protecting 
them for long time durations. However, similar to damage or deterioration of a structure 
which increases its flexibility, axial loads applied on a structure leads to an increment in the 
flexibility of the vertical load bearing structural components which is also known as 
“Compression softening”. This results in a reduction in natural frequency of vibration of the 
structure and changes in mode shape vectors. Therefore, use of vibration characteristics of 
high rise buildings to update the design stage predictions of DAS is a promising method. It is 
also convenient due to the ease in taking measurements and their ability to be used for 
structural health monitoring during the service life of the building. This study tests the 
applicability of the vibration based method of modal flexibilities to update axial shortening 
predictions in a CFT building and develops an index based on normalised values of flexibility 
difference from unloaded to different loaded cases for this purpose.   
1.2. Research gap 
The creep and shrinkage behaviour of CFT columns are significantly different from RC 
columns (Uy and Das 1997) due to the concrete core having no direct exposure to the 
external environment. Also the steel content in CFT columns can be higher than that in a RC 
column. Therefore there is a need for comprehensive understanding of trends in Differential 
Axial shortening (DAS) in CFT buildings which will be different from that in RC buildings. 
Also with current construction trends of (i) using higher strength concrete for columns, (ii) 
faster floor construction cycles, (iii) utilising form work systems such as the jump-form type 
with the core constructed 3-4 cycles before the columns and (iv) complex load paths due to 
irregular buildings, a new appraisal of the DAS and a detailed analysis with quantification of 
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all the adverse effects of DAS in a tall building is a timely requirement. Further, the actual 
DAS in a CFT building can vary from that predicted in the design stage due to uncertainties 
in the magnitude of governing parameters. Therefore, a convenient method to update these 
design stage predictions is currently needed. This thesis addressed this requirement. 
1.3. Research Problem 
DAS among gravity load bearing elements has adverse consequences on the serviceability 
and performance of high rise buildings. To minimise these adverse effects, it is important to 
predict DAS between these elements accurately. Studies have been conducted previously in 
this area mainly for RC buildings. However these also have failed to consider several or all of 
the parameters such as the effects of time dependent material properties, construction 
sequence, load migration between steel and concrete and the effect of outrigger and belt 
systems which fundamentally influence the DAS. The creep and shrinkage of CFT columns 
develop more rapidly, but are comparatively lower in magnitude than those in RC columns. 
Also CFT columns are commonly constructed with higher steel percentages than the RC 
columns which can introduce differences due to the effect of steel on AS of the columns. 
There is thus a need for a comprehensive understanding of trends in Differential Axial 
shortening (DAS) in CFT buildings. To do this it is necessary to develop a rigorous procedure 
to estimate the DAS in high rise buildings with CFT columns the design stage is mandatory.  
The quantified DAS at the design stage has to be further updated with actual measurements 
during the construction, since they are affected by many uncertainties in material properties 
and loading conditions of the actual structure. The instrumentation of high rise buildings to 
measure these actual axial shortening of vertical loaded elements as construction proceeds 
and during the service life is not common due to the draw backs and the inconvenience of the 
prevailing methods. Using vibration characteristics to update the design stage AS predictions 
in a RC building is a promising method. However, the applicability of this method to a CFT 
high rise building needs to be assessed and further developed for ease of application.  
1.4. Aims and Objectives 
Main aim of this research is to develop and apply a comprehensive method to quantify the 
differential axial shortening phenomenon in high rise buildings with CFT columns and RC 
shear walls. This will include a rigorous procedure to predict DAS at design stage and a 
procedure to up-date the (design stage) DAS predictions among the vertical load bearing 
structural components during their construction and service stages. These updated predictions 
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of DAS will enable Engineers to implement strategies to minimise the adverse effects of 
DAS. 
Enabling objectives of the research are as follows:  
1. Develop a rigorous method using finite element method (FEM) to quantify the DAS of 
high rise buildings with high strength CFT columns. The method will account for the 
non-exposed condition of core concrete to the environment, time dependent material 
properties, stress transfer between the steel and concrete, construction sequence and the 
influence of load migration caused by rigid horizontal structural members connecting the 
vertical load bearing structural members. 
2. Validate the developed modelling technique using experimental data on axial shortening 
of CFT columns available in the literature. 
3. Develop a method to update the DAS predicted at the design stage for the vertical load 
bearing elements, using the vibration characteristics of the high rise buildings with CFT 
columns during their construction and service stages.  
1.5. Research Scope 
This research is carried out using finite element technique (FEM). The numerical models will 
be validated using the results of laboratory experiments available in the literature. In order to 
limit the scope of the research, the analysis focuses on high rise buildings with high strength 
CFT columns and RC shear cores where the DAS problem can be aggravated. The lateral 
load resisting system in the high rise buildings is considered to be shear core with a belt and 
outrigger system to represent the most common scenario at present. 
1.6. Significance of Research 
This research will develop a comprehensive method to quantify the DAS of high rise 
buildings with CFT columns. The developed method will include a rigorous numerical 
procedure to quantify the DAS among the vertical load bearing elements in high rise 
buildings at the design stage and a vibration based method to update these predictions 
continuously during construction and during the entire service life. The method developed 
will be comprehensive with the ability to incorporate the effects of geometrical and structural 
complexities, the nonlinear and time dependent material properties and the construction 
sequence to the DAS predictions. The research findings will enable to minimise the adverse 
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effects of DAS in high rise buildings with CFT columns and thereby enable their smooth 
operation with reduced maintenance costs. 
1.7. Thesis Outline 
Chapter 1: Introduction 
Chapter 1 outlines the background to the research topic, presents the identified research 
problem, states the aim and objectives and describes the method of investigation of this 
research. 
Chapter 2: Literature Review 
Chapter 2 presents an overview of the current knowledge on Differential Axial Shortening 
(DAS) in high rise buildings including material models and calculation methods to quantify 
the axial shortening in concrete elements, the influencing factors and adverse effects of 
differential axial shortening (DAS) in high rise buildings. Also it highlights the Finite 
Element techniques applied to model the axial shortening behaviour in high rise buildings 
and the flexibility method that can be used to update the AS predictions during construction 
and operation. Finally this describes the need for the present research.  
Chapter 3: Development of Finite Element Models and Validation of Modelling 
Chapter 3 presents the suitable finite element techniques to simulate time dependent 
deformations in CFT columns and RC shear core walls and the validation carried out for the 
modelling technique developed. Furthermore, it describes the development of comprehensive 
finite element models to simulate the DAS in CFT high rise buildings considering all 
influencing factors.   
Chapter 4: Differential Axial Shortening and Its Effects in High Rise Buildings with 
Concrete Filled Tube (CFT) Columns 
Chapter 4 presents the application of the method developed, to quantify DAS in a high rise 
building with CFT columns and a concrete shear core. It will describe the trends in DAS 
development between different structural components and quantify the adverse effects of 
DAS on the performance of the building. Finally the developed method is used to compare 
the performance of the building when the CFT columns are replaced with RC columns. 
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Chapter 5: Interaction of Outrigger and Belt System with Structural Frame in High 
Rise Buildings with CFT Columns Undergoing Differential Axial Shortening 
Chapter 5 presents the investigation on the effect of outrigger and belt system on the DAS in 
CFT high rise building. It will compare the rigorous method of DAS predictions with 
currently used simplified methods which neglect the interaction of the outrigger and belt 
systems. Finally this chapter provides an insight into how outrigger parameters such as 
connection time and location can affect the DAS and its effects on the structure. 
Chapter 6: Updating Axial Shortening Predictions in High Rise Buildings with CFT 
Columns using Vibration Characteristics  
Chapter 6 presents the new vibration based parameter called Normalised Flexibility Index 
(NFIs) calculated from the natural frequency and modal vectors of a structure under free 
vibration. This study considers both the resultant and component based NFIs and evaluates 
their applications in AS predictions in high rise buildings during construction and operation. 
Chapter 7: Conclusions 
Chapter 7 presents the conclusions drawn from the research work carried out, summarises the 
main research findings and contributions and provides recommendations for future research. 
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CHAPTER 2 
2 Literature Review 
2.1 Introduction 
This chapter first presents an overview of the current knowledge on Differential Axial 
Shortening (DAS) phenomena in high rise buildings including material models and 
calculation methods used to quantify the axial shortening in concrete elements, the factors 
influencing DAS and their adverse effects in high rise buildings. It also highlights the Finite 
Element techniques currently applied to model the axial shortening behaviour in high rise 
buildings. Thereafter, a summary of the methods that can be used to update the AS 
predictions (design stage) during construction is presented. Finally it outlines the need for the 
present research.  
2.2 Applications of concrete filled tube columns in high rise buildings 
Steel concrete composites combine the benefits of both the individual materials and enhance 
the overall usability of the composite structural members. The most commonly used sections 
of these composites for columns are the concrete filled tubes (CFT) which come in a variety 
of cross sectional shapes (Figure 2-1). Among these the circular section is the most effective 
in providing the confinement to the concrete (Xiao et al. 2005). These sections have gained 
popularity in the current high rise building construction around the globe, due to their many 
advantages such as strength increase of concrete caused by the confinement effect and the 
steel by preventing local buckling, the ability of the steel shell to be used as form work for 
the column construction, the superior durability in fire conditions, excellent seismic 
resistance (Hajjar 2000) and the improved aesthetics enabling more slender sections.  
 
Figure 2-1 Various cross sections of CFT members 
Chapter 2 
  
2-2 
 
A cost comparison conducted by Uy and Patil (1996) concludes that CFT column 
construction can produce savings up to 50% on material costs alone when compared with 
conventional steel box columns and can also provide more useable floor area by reduction in 
column size. 
The increase in concrete-filled steel column usage is evident by their usage in the 
construction of many medium rise buildings in Australia, including Casselden Place and 
Commonwealth Centre in Melbourne, Westralia Square in Perth, Forrest Centre and Myer 
Centre in Brisbane, all constructed during the last decade and in many land mark buildings 
around the world.  
The current trend in CFT construction is towards the use of high strength concrete (HSC) for 
the core. This further improves the performance of CFT columns under seismic activities and 
increases the usable area of the building due to the higher strength to weight ratio. According 
to many researchers, HSC is broadly defined as concrete having a 28days characteristic 
compressive strength in the range of 40 to 100MPa and in some codes the lower limit is 
considered as 50MPa (Baidya et al. 2011). Latitude Sydney (Figure 2-2) building is an 
example for the use of high strength CFT columns, which was constructed with 508 mm 
diameter steel tubes filled with 80 MPa concrete for its major columns.  
 
Figure 2-2 Latitude Sydney building (Uy 2007) 
2.3 Deformations of steel and concrete composite columns  
Composites with concrete and steel are prone to long term deformations at ambient 
temperature due to the behaviour of concrete. When a concrete specimen is subjected to a 
load, its response is both immediate and time dependent. Hence when calculating the in-
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service behaviour of a concrete structure at constant temperature, it is usual to express the 
concrete strain at a point at any time t, [ɛ(t)] as the sum of the instantaneous (εe), creep (εcr) 
and shrinkage (εsh) components (Equation 2-1). Creep strain is produced by sustained stress, 
while shrinkage strain is independent of stress. The development of these deformations with 
time is illustrated in Figure 2-3. 
Under sustained stress, creep develops at a decreasing rate and shrinkage always follows a 
similar trend.  Generally under the serviceability loads (of 0.4fcm, where fcm is the 28 days 
characteristic strength of concrete) the elastic strain of a reinforced concrete column can be in 
the range of 500-1000 µɛ. Under normal conditions the final creep can be 1.5 - 4.0 time the 
initial elastic stains, whereas the shrinkage can be typically in the range of 500-1000 µɛ. 
Therefore the final long term strain of concrete is typically about 4-5 times the initial strains 
(Gilbert and Ranzi 2010). This emphasises the unsuitability of elastic analyses to predict the 
final deformations of structures and the necessity of considering the time effects in a 
systematic and practical way. Figure 2-3 shows these strains developed in concrete under a 
sustained compressive stress.  
ε(t) = εe(t)+εcr(t)+εsh(t)                           Equation 2-1
 
Figure 2-3 Concrete strain components under sustained load with the applied stress (Gilbert and Ranzi 2010) 
 
2.3.1 Elastic deformations of concrete 
The elastic or the instantaneous deformations of concrete is governed by the magnitude and 
rate of stress application and the Young's modulus of Elasticity. Three conventions for the 
modulus of elasticity are present and these are elaborated in Figure 2-4. 
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1. Secant modulus 
2. Tangent modulus 
3. Initial tangent modulus  
 
Figure 2-4 Diagrammatic stress strain relationship for concrete (BSI 2004) 
Among these the secant modulus is the slope of the straight line drawn from the origin of 
axes to the 0.4 fcm28 point on the stress strain curve and this is the modulus used to design 
structures subjected to static loads. The value of the modulus of elasticity is influenced by the 
concrete mix properties: compressive strength, aggregate elastic modulus value, aggregate 
volume and mineral additions. While a higher strength leads to a higher modulus of elasticity, 
there is no direct proportionality. For example, to increase the modulus by 20% it is 
necessary to increase the strength by at least three strength classes which may not be a cost-
effective solution. The E value of concrete is a time dependent property that develops more 
rapidly than strength in the very short term, with less significant growth beyond 28 days as 
clearly evident in Figure 2-5 below.  
Therefore with the current trends for fast concrete construction it is essential to take into 
account this time dependence of E value to accurately quantify the elastic component as well 
as the creep component of long term deformations.   
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 Figure 2-5 Rate of development of modulus of elasticity at 20°C for different cement strength classes 
according to Euro Code 2 (BSI 2004) 
2.3.2 Creep strains in concrete 
The creep measured in a specimen subjected to a sustained load consists of basic creep and 
drying creep. The former is the deformation occurring in a loaded specimen with no moisture 
movement to the environment. Drying creep is the additional creep component that occurs in 
a drying concrete specimen (Neville 1995). 
Creep of concrete occurs in the hardened cement paste that contains a solid cement gel with 
numerous capillary pores. Several different mechanisms that cause and influence creep have 
been proposed and studied but not yet fully understood (Bažant 2001). Neville (1995) 
proposed the following mechanisms for creep. 
1. Sliding of the colloidal sheets in the cement gel between the layers of absorbed water – 
viscous flow; 
2. Expulsion and decomposition of the interlayer water within the cement gel –    seepage; 
3. Elastic deformation of the aggregate and the gel crystals as viscous flow and seepage 
occur within the cement gel – delayed elasticity; 
4. Local fracture within the cement gel involving the breakdown (and formation) of physical 
bonds – micro cracking; 
5. Mechanical deformation theory; and 
6. Plastic flow. 
Many factors affect the development of creep deformations in concrete. These include 
properties of the concrete mix, the environmental and the loading conditions. In general 
higher the concrete strength, lower the magnitude of creep. Increase in aggregate properties 
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such as the aggregate content, maximum aggregate size and the stiffness reduces creep while 
the increase in water cement ratio increases the creep magnitude. The Drying creep 
specifically as the name implies depends on all factors affecting the removal of water from 
concrete to the environment, in addition to the stress level.  Therefore higher the surface 
exposed to the environment, the temperature or wind velocity, higher the drying creep of 
concrete. Higher the relative humidity of the environment, confinement of concrete by 
reinforcement, lesser the drying creep.  
In addition to the environmental conditions and concrete mix properties, creep is also 
influenced by loading history particularly the magnitude and duration of the stress and the 
age of the concrete when the stress was first applied. When the concrete is loaded at an earlier 
age, the creep deformations are higher therefore implying the time hardening phenomenon of 
concrete. With current trends of rapid concrete construction it is hence inevitable to have 
considerable creep deformations of vertical load bearing elements (Geng et al. 2012). When 
the sustained load level is less than 0.5fcm28, which is the case in every concrete structure 
under service loads, creep is considered to be linearly proportional to applied stress.  
2.3.3 Shrinkage of concrete 
Shrinkage is the time dependent strain in an unloaded concrete specimen. Shrinkage is 
composed of three components namely plastic, chemical or autogenous and drying shrinkage. 
Plastic shrinkage occurs in the wet concrete before setting typically in some high strength 
concretes and effectively prevented by taking measures to eliminate the rapid evaporation of 
bleed water during construction. It is generally accepted that drying shrinkage is caused by 
capillary tension, solid surface tension, and withdrawal of hindered adsorbed water and 
interlayer water from cement gel. Further autogenous shrinkage, is produced by chemical 
volume changes and is caused by the internal consumption of water during hydration (which 
in few cases could be negative, i.e. expansive) (Bažant 2001).  
Drying shrinkage depends on all factors affecting the loss of water from concrete to the 
environment as earlier mentioned for drying creep. Higher water cement ratio (which results 
in higher porosity of concrete), surface exposed to the environment and the temperature or 
wind velocity increase drying resulting in higher drying shrinkage. Higher aggregate 
stiffness, relative humidity of the environment and confinement of concrete by reinforcement 
reduces drying shrinkage (Fintel et al. 1987). Autogenous shrinkage on the other hand 
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increases as the cement content increases and the water–cement ratio decreases but is not 
affected and RC columns by the ambient relative humidity. 
2.3.4 Axial shortening in CFT columns 
The main differences between the AS in CFT and Reinforce Concrete (RC) columns are:  
1. Non exposure of the core concrete in a CFT column to the environment, hence only 
the basic creep and autogenous shrinkage contribute to the axial shortening  
2. Significant stress redistribution between steel and concrete due to higher steel 
percentages  
As a consequence of these, the axial shortening of CFT columns can be quite different to that 
of similarly loaded reinforced concrete columns. This is further evident from the 
experimental details available in the literature for CFT columns with normal and high 
strength concrete. These available experiments include circular, square and rectangular cross-
sectional CFT specimens subjected to axial or eccentric loads with loading ages varying 
between 5 and 28 days after concrete casting. The material properties considered in these 
tests consist of a range of normal and high strength concrete, with different ratios of steel area 
to concrete area and stress levels (stress in service / average 28 day strength) in the core 
concrete ranging from 0.2 - 0.7.  
In the studies of Ichinos et al. (2001), the creep coefficient of core concrete in CFT columns 
was in the range of 1.16 - 1.26 which is smaller than that of traditional reinforced concrete 
columns by about 50–60%. Shrinkage strains in the normal strength concrete filled CFT 
columns tested were about 5% of the values measured in the plain concrete column and hence 
negligible compared to those of the reinforced concrete columns. After about 280 days, it was 
noted that the process of creep and shrinkage is tending to stabilize. These trends are closely 
validated by the experimental results on individual CFT column specimens with normal 
strength concrete conducted by Morino et al. (1996), Terry et al. (1994) , Han et al. (2004), 
Shrestha and Chen (2011), Tan and Qi (Sujie and Jialian 1987) and others from the above 
described experimental data base.  
However in high strength concrete specimens, which have been only considered in 
experimental studies of Kwon et al. (2005; 2007), Ma et al. (2011) and Uy (2001), the 
shrinkage is substantial due to the effect of autogenous component. Whereas the creep 
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compliance is considerably reduced even than the normal strength CFT as is evident in the 
comparison study done by Ma and Wang (2012). As clear from all these literature, the creep 
and shrinkage of CFT columns develop more rapidly, but are comparatively lower in 
magnitude than that in RC columns. This may lead to the shear walls having higher AS than 
the columns which can aggravate the problems of DAS in a CFT high rise building. There is 
thus a need for a comprehensive understanding of trends in Differential Axial shortening 
(DAS) in CFT buildings which will be different from those in RC buildings. 
A controversial issue is the confined state of concrete in CFT. In some studies such as of 
Naguib and Mirmiran (2003) and Han et al. (2004), the necessity of considering the 
confinement of concrete by the tube which does not allow concrete to freely creep in the axial 
direction is emphasised. However it is general practice according to several others like Geng 
et al. (2012), Neville (1995) and Shanmugam and Lakshmi (2001) to consider that Poisson’s 
ratio of concrete starts to exceed that of steel only when the concrete stress level exceeds 
0.75fcm28. This is additionally supported by studies on concrete creep Poisson’s ratio by Kim 
et al (Kim et al. 2006). Further the studies by Han et al. (2004) were done at a concrete stress 
level of 0.6-0.7 fcm28 which is considerably higher than the stress level in the columns of high 
rise buildings under service loads. Therefore the uni-axial state of concrete creep sufficiently 
describes the behaviour of concrete in CFT under service loads of structures.  Also in 
modelling CFT columns, the bond between concrete and steel can be considered fully 
bonded. This is evident by the studies of Uy (2001) who measured the strains on both steel 
shell and internal concrete of eight CFT columns filled with high strength concrete and found 
no significant differences are present. 
2.4 Differential axial shortening 
2.4.1 Introduction 
The magnitude of time dependent deformations varies in vertical structural components due 
to many factors. These differentials leads to numerous serviceability problems such as tilting 
of floor plates, distortion of non-structural elements such as claddings and facades and other 
services such as lift guide rails and plumbing systems. One good example is the tallest high 
rise in the world the Burj Kalifa tower in UAE (Baker et al. 2007). According to 
Moragaspitiya et al. (2010) this tower had to be closed soon after opening due to the failure 
of lift operation which may be a result of adverse effects of DAS. In addition to the 
serviceability, DAS can also alter the load paths in the structure which may induce excessive 
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stresses on some vertical elements and horizontal elements such as the outriggers (Kurc and 
Lulec 2013).  
Several researchers have therefore attempted to study the DAS of RC high rise buildings. 
Baker et al. (2007) conducted axial shortening studies of Burj Khalifa in UAE using a 
number of three dimensional finite element analysis models. Each model represents a discrete 
time step during construction and time dependent load application. The stiffness change of 
concrete was adopted in the models at the time steps. The main drawback of this 
quantification is due to the wide discrete time steps considered during the axial shortening 
quantifications (Moragaspitiya et al. 2010). Baidya et al. (2011) conducted analytical studies 
on axial shortening of selected members in the World tower building, Sydney. The ACI and 
AS concrete models were used to obtain the time varying Young’s modulus, creep coefficient 
and shrinkage coefficient and the predictions were compared with the in situ measurements.  
Bliuc et al. (Moragaspitiya et al. 2010) proposed a relationship between modulus of elasticity 
and compressive strength for concrete mixes used in the Middle East in the strength range 
from 70-100 MPa. This was used in the spreadsheet method developed to   calculate the 
expected DAS in Dubai Tower Doha, a 438m tall building in Qatar. In this, each individual 
member is considered for the calculation with its stress history and hence it is a laborious 
method for optimisation or design when the number of vertical elements is large. 
Moragaspitiya et al. (2010) used SAP analysis package and considered the time varying 
material properties, construction sequence by using compression only gap elements and 
relaxation due to reinforcement in the analysis of a 64 storey reinforced concrete high rise 
building structure with a belt and outrigger system. This method was hence   more 
comprehensive than many others. However the discrete time steps used do not provide the 
flexibility of varying the time interval which is a main factor affecting the accuracy of time 
dependent deformation predictions, which is equivalent to the effect of mesh size in a FEM 
analysis. 
Practicing engineers predict DAS using different methods but these are not comprehensive. 
Most of these represent discrete models of a concrete member or sub frame analysis of 
building representing few stages of the construction process and field monitoring conducted 
for a limited time period. These are unable to capture the time dependent load path changes 
due to structural complexities.  
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Further, the use of CFT columns for the exterior columns may aggravate the problem of DAS 
when the shear core is constructed with RC as common in practice. The few studies on DAS 
of these types of structures include, Taipei 101 building which used concrete filled steel tubes 
for its eight mega columns (Shieh et al. 2003) and the studies done on the proposed use of 
CFT for the perimeter columns of one of the tallest buildings in Korea, the Tower palace III 
in Seoul in which they later abandoned the use of these columns (Abdelrazaq et al. 2004). 
However, a holistic approach for predicting DASs in high rise building with CFT columns 
considering all the influencing factors has not yet been established. 
2.4.2 Other factors influencing DAS in high rise buildings 
1. Current trends in concrete construction  
 
Figure 2-6 Typical sequencing of site operation  
Due to the present construction technology, the construction cycle of floors in a high rise 
building has been reduced to about 4-7 days. This increase in construction speed saves time 
and money extensively. However, these fast concrete construction trends aggravate 
differential axial shortening. Also the self-climbing form work systems enables the shear core 
to be constructed several floors ahead of the frame as can be seen in Figure 2-6. 
2. Presence of stiff horizontal elements (outrigger and belts, transfer beams etc.) 
It is well established that the presence of stiff horizontal elements in a high rise building 
reduces the differential axial shortening to some extent. Outriggers and transfer beams and 
plates are some examples of these (Figure 2-7). Shear walls with belt and outrigger systems 
are extensively used in high rise buildings and most common for buildings ranging from 40-
80 storeys for the lateral load transfer due to wind and other extreme events (Tianyi and 
Tong, 2007). The belt trusses tie the peripheral columns of the building while the outriggers 
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connect them with the shear wall system. Therefore; the outrigger arms effectively restrains 
the shear core from free rotations due to the exterior columns (Fawzia and Fatima 2010). The 
reduction of operational space at the outrigger level is minimized by placing these in machine 
floors or the use of diagonal cross bracing mostly in line with columns as well as use of 
horizontal truss that can be embedded in the false ceiling. 
 
Figure 2-7 Multi-level belt truss and outrigger (Fawzia and Fatima 2010) 
As a consequence of these stiff members controlling the DAS, excessive stresses can develop 
in the belt and outrigger system. It is therefore necessary to quantify accurately the effects of 
the time dependent deformations of the concrete. This will ensure the efficiency of the 
currently used mechanisms such as delay joints, adjustment joints and auto-levelling joints to 
mitigate adverse effects of DAS on outrigger and belt systems. Figure 2-8 below shows these 
special joint types used in outrigger to column junctions.  
 
Figure 2-8 Special joints used in outrigger column connections to mitigate effects of DAS 
http://dysec.co.kr/engineering-specialty/axial-shortening/ visited 24/11/2015 
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2.4.3 Current engineering practices to minimise effects from DAS in high rise 
buildings 
The current engineering practices on minimising the effects of differential axial shortening in 
high rise buildings are three fold as follows: 
1. Proactive strategies to optimize building layout to minimise differential axial shortening: 
 Stress balancing in the vertical load bearing elements (by selecting appropriate 
column sizes) 
 Adjustments to reinforcement percentages  
 Varying concrete strengths in vertical members 
2. Compensation for DAS during construction: 
Several compensation techniques are available to minimise slab tilt during service of the 
structure, occurring due to the anticipated differential shortening of the columns and walls.  
 Absolute compensation 
The absolute compensation is an idealised method, where the differential shortening is 
exactly adjusted at each floor using the predicted shortening at each level. The amount of 
correction for a vertical member at each level might have different values leading to many 
complications such as different lengths of a formwork and steel member requirements. Due to 
the costly correction procedure, the absolute compensation technique cannot be used during 
construction. 
 Uniform compensation 
To minimize the number of different correction values in the compensation process 
encountered in the previous method, the amount of the correction for each floor is averaged 
over the number of floors in a building in this technique. Due to this averaging however, 
there are differences between the predicted shortening values and the correction values after 
compensation. Therefore, as a result, the uniform compensation may not effectively eliminate 
the predicted differential shortenings after compensation (Park 2003). 
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 Lumped compensation 
In this method the lengths of vertical members are increased at the lumped level by the 
cumulative correction for a few floors. With the lumped correction method, there are 
differences between the predicted shortening values and the correction values after 
compensation except at the lumped floor. The differences become gradually larger as the 
number of floors to be lumped in a group is increased. On the other hand the efficiency of the 
lumped compensation method depends on the number of floors lumped together.  
Park (Park 2003) proposed an optimisation method for the lump compensation using a 
simulated annealing algorithm. In this by specifying the limits on the magnitudes of the 
compensation errors in each floor level as well as in each group as constraints in the 
optimization problem, the magnitude of the differential shortening or the degree of the slab 
tilt in the floor levels below the lump corrected is controlled. The optimum values for the 
number of lumped groups, the number of floors in each group and the average correction 
value for each group are given as outputs of this method. Currently the moving average 
method which is another form of lumped compensation optimisation method was introduced 
by (Woo Park et al. 2011)to decide on the average correction value and the number of floors 
to be lumped with much simplicity than the earlier mentioned. 
3. Measures to reduce adverse effects of DAS  
 Shim packing at the contact surfaces between the outrigger and the perimeter columns 
(Willford et al. 2008) (However, this is not effective to prevent the serviceability 
issues arising due to DAS such as tilting of floor plates, distortion and damage to non-
structural components and services). 
 Allowance made for additional stresses induce by DAS in load bearing members.  
 Use of prestressed slabs  
 20mm limit for the facades attached to the floor (Luong et al. 2004), but it not only 
affects the facades but also other services and floor plates. This 20mm limit can 
increase or decrease depending on many other factors. 
In Burj Kalifa, Dubai the tallest building in the world, several of these measures were taken 
to reduce the DAS. At the design stage, some columns were over designed for stress 
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balancing and during construction both horizontal and vertical compensations were 
implemented and a typical constant floor-to-floor height increase was incorporated, while 
each successive centre hex core jump was “re-centred” (Cargnino et al. 2012). However, an 
accurate prediction of DAS at design stage is paramount for the success of these.  
2.5 Quantifying axial shortening 
The accuracy of predicting the long term deformations of CFT structures depends 
consequently on the accuracy of the material models used to describe the shrinkage and creep 
behaviour of concrete, the creep calculation algorithm and the correct representation of the 
structure and construction conditions. 
2.5.1 Concrete models for creep and shrinkage strains 
Reliable shrinkage and creep material models for concrete  has been an area of research 
interest  for many years and there are several well established empirical relationships between 
these long term strains and the various properties of concrete. Among them are several 
popular models with an increasing number of factors to be considered such as the B3 (Bazant 
and Baweja 2000) model and simple but popular models like the ACI 209, EC2 (BSI 2004) 
and GL2000 (Gardner and Lockman 2001) method. The time dependent strain components of 
concrete considered in these material models are as given in Table 2-1. 
Table 2-1 Equation components for different models 
As mentioned earlier these different models require a variety of factors to be considered in 
calculating the creep and shrinkage of concrete. These include the properties of the individual 
elements such as the cross sectional area, exposed perimeter, the environment conditions such 
Feature 
AS3600 
(2009) 
EC2 (2004) 
ACI209 
(2008) 
B3 GL2000 
Basic Creep 
Not 
Differentiated 
Not 
Differentiated 
but possible to 
do so by user 
√ × 
Not 
Differentiated Drying 
Creep 
√ √ 
Autogenous 
Shrinkage 
√ √ × √ 
Not 
Differentiated 
Drying 
Shrinkage 
√ √ √ √ 
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as the humidity and temperature which prominently affect the deformations through drying 
and the properties of the concrete mix such as the cement type, slump and water/cement ratio. 
The factors considered and their range for the successful prediction of creep and shrinkage 
are tabulated in Table 2-2 and 3. 
Table 2-2 Factors considered in concrete creep and shrinkage material models 
Factor  AS3600 EC2 ACI209 B3 GL2000 
Time 
Dependency 
Age at loading (t0) √ √ √ √ √ 
Time from age at 
loading (t-t0) 
√ √ √ √ √ 
Age at end of 
curing (ts) 
√ √ √ √ √ 
 
Concrete mean 
strength (fcm28) 
√ √ √ √ √ 
Properties of 
the structural 
element 
Member shape × × √ √ × 
Member size √ √ √ √ √ 
Environmental 
conditions 
Relative Humidity × √ √ √ √ 
Concrete 
temperature 
× √ × × × 
Concrete mix 
properties 
Cement type √ √ × × √ 
Cement content × × √ √ × 
Aggregate cement 
ratio (a/c) 
× × √ √ × 
Water cement ratio 
(w/c) 
× × × √ × 
Aggregate stiffness × × × × √ 
Slump × × √ × × 
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Table 2-3: Range of parameters in the concrete creep and shrinkage material models  
Factor AS3600 EC2 ACI209 B3 GL2000 
Age at loading (t0)  
(days) 
= 28 ≥ 0.5 ≥ 7 ≥ 1 ≥ 1 
Relative Humidity 
(%) 
- - > 40 - - 
Concrete stress level ≤ 0.5 - ≤ 0.5 ≤ 0.45 0.3-0.4 
Temperature (◦C) 25°C 0-80 21   
Cement Type - - I,iii I,ii,iii I,ii,iii 
Water cement ratio - - - 0.35-0.85 0.4-0.6 
Aggregate cement 
ratio 
- - - 2.5-13.5 - 
Characteristic 
concrete strength at 
28 days (MPa) 
≤100 - - 17-70 ≤82 
Cement content 
(kg/m
3
) 
- - - 160-720 - 
Aggregate 
concentration 
- - - - 0.65-0.75 
In the design standards no recommendations are made for the practicing engineer to choose a 
suitable concrete model from these. Also the creep and shrinkage behaviour of CFT 
specimens are different from RC as mentioned earlier in this report. Geng et al (Geng et al. 
2012) compared these models except that in AS3600, using the results of 81 experimental 
tests on creep and shrinkage behaviour of CFT members for a range of normal and high 
strength concretes. The recommendations of this research which considered the largest test 
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data quantity of all such comparisons conducted for CFT members, recommends the use of 
EC2 for the axial shortening predictions. 
The Australian code does not differentiate between the drying and basic creep component as 
can be seen in Table 2-1. However in AS3600 unlike in EC2 when substituted with zero 
exposed perimeter to the creep equations to remove the effects of drying, the entire creep 
expression is eliminated thus making it unsuitable to be used for CFT shortening predictions. 
Also B3 model is unacceptable as it only focuses on the drying shrinkage component in their 
expressions when dealing with CFT specimens filled with high-strength concrete, in which 
case autogenous shrinkage becomes significant. 
2.5.2 Creep computation methods in structural analysis 
There are different methods to take creep into account in time dependent stress calculations. 
Four of the popular methods to take creep into account are here presented according to 
Cederwall (2000) and Gilbert and Ranzi (2010). In all the equations the notations cE , c and 
 0, t  represent the usual: Young’s modulus of elasticity in 28 days, stress and the creep 
coefficient at time t for concrete being loaded at time in days, 0 . t is the current time, 0 and 
1 represent different times of loading. 
1. Effective modulus method (EMM) 
In this model which is the simplest and oldest technique for including creep in structural 
analysis, the Young’s modulus of elasticity for concrete is reduced through division by a 
factor   0,1  t  so the effective modulus of elasticity  tEeff  becomes:  
 
 
 0,1  t
tE
tEeff

                            Equation 2-2 
This method gives good results when the concrete stress does not vary significantly and when 
the further aging of concrete is negligible, as for mature concrete. However, the current 
construction trends involve rapidly changing stress histories in young concrete. For varying 
stresses the results are not very satisfactory due to the fact that the creep deformation is 
estimated only on basis of final stress and potentially misleading. So under increasing stresses 
the deformations are overestimated and for decreasing stresses the deformations are 
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underestimated. However this method is still used extensively for predicting creep 
deflections.  
2. Age adjusted effective modulus method (AAEMM) 
The fundamental integral equation of the theory of linear viscoelasticity can be written in the 
following equivalent algebraic form as in Equation 2-3 (Bazant 1972) and is called the Trost–
Bazant Method or the Age adjusted effective modulus method. This overcomes the limitation 
of effective modulus method by introducing the effect of aging in terms of the aging 
coefficient. 
 
 
 
 
    ttt
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t
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t sh
c
c
c
c 





 

 00
0
0
0
0 ,),(1
)(
),(1
)(
                               Equation 2-3 
Where;  tc  is the stress increment in time step t, ),( 0 t is the aging coefficient and  tsh  
is the shrinkage strain in concrete at time t. 
The aging coefficient is generally expressed as: 
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   000
0
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1
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,



ttRE
E
tt
c
c 

                           Equation 2-4 
Where ),( 0tR is the relaxation function defined as the stress at time t due to a unit strain 
applied at time 0 and kept constant throughout the period 0  to t. The magnitude of the 
ageing coefficient  0,tt  generally falls within the range 0.4 to 1.0 depending on the rate of 
application of the gradually applied stress in the period after 0 . This method is preferred due 
to its accepted level of accuracy and computer efficiency for engineering decisions regarding 
DAS in high rise buildings. 
3. Superposition  method 
In the Superposition method the creep strain produced by a stress increment applied at any 
time τi is assumed to be unaffected by any other stress increment applied either earlier or 
later. As an example, for a simple case of two load increments, two different creep curves 
for the different ages at loading τi need to be calculated. The two curves are as the name of 
the method suggests, then superposed. The principle of this method is presented in Figure 2-
9 and the formula for calculating the strains for the above case is shown in Equation 2-5. 
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The first of the figures informs the stress variation in concrete while the other two explains 
the creep due to each loading and their combined effect respectively. 
            tt
E
t
t
E
t sh
c
c
c
c 





 

 1
1
0
0
0 ,1
)(
),(1
)(
                       Equation 2-5 
This is extended for the total concrete strain at any time t due to any time-varying stress 
history in the form of the superposition integral: 
)()(),()(),()(
0
00 tdtJttJt sh
t
t
cc                            Equation 2-6 
Where; ),( 0ttJ is called the compliance function at time t for first loading at time t0. 
This is the exact law of linear creep in compression. Although this method provides the best 
accuracy this is not computationally economical since all stress history data at each time step 
need to be stored which for a high rise building will be prohibitive due to the large amount of 
data associated. 
 
Figure 2-9 Creep calculation according to superposition method (Gilbert and Ranzi, 2010) 
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4. Rate of creep method 
This method is based on the assumption that the rate of creep is independent of the age at 
loading. This means that creep curves for concrete loaded at different times are assumed to be 
parallel which is of course not true. The difference in strain that follows from a stress change 
is only dependent on the lapse of time from the first loading. It is then enough to know only 
one creep curve, the one for the first load applied. Due the assumptions mentioned above, this 
method underestimates the deformations when concrete is subjected to increasing loads. 
Figure 2-10 below and Equation 2-7 shows how the strains are calculated.  
   
 
    
 
    010
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
 



 t
E
t
E
t                        Equation 2-7 
 
 
Figure 2-10 Rate of creep method for creep strain calculation (Gilbert and Ranzi, 2010) 
2.5.3 FEM for axial shortening predictions of CFT 
The use of FEM to predict the axial shortening of CFT members is quite convenient. But as 
stressed in the earlier sections, it is particularly essential to establish a proper method to 
ensure accuracy, well validated with experimental results.  
In addition to the several axial shortening studies high rise buildings mentioned earlier, there 
are several numerical analyses that the researchers have conducted up to date to analyse the 
time dependent deformations and the stresses of CFT arch bridges.  Chen and Shrestha 
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(2010) utilised the user programmable features in ANSYS to input the concrete model based 
on the power law functions and later used this for the analysis of Sitanxi bridge in China 
(Shrestha and Chen 2010). Wang et al. (2007) conducted studies on the Yajisha bridge in 
China where they predicted the time varying stresses and deflections. The results of these 
analyses were compatible with the predictions by several others such as Han et al and Liu et 
al (Wang et al. 2008) and Shao et al (2010) (in the analysis of Maocaojie arch bridge). 
Therefore FEM is a promising method for predicting DAS in high rise buildings with CFT 
columns. 
2.5.4 Nonlinear finite element analysis 
When the stiffness of a structure is not constant but is dependent on the structure 
deformations as in the case of DAS in a CFT building that we are considering in this study, 
such analysis is considered a nonlinear analysis. Nonlinearities can be geometric, material or 
contact or a combination of these. Geometric nonlinearities are when a structure experiences 
large deformations and its changing geometric configuration can cause nonlinear behaviour. 
Material nonlinearities include time dependent material behaviours as well as nonlinear stress 
strain behaviour of materials like plasticity. Contact is a type of “changing status” 
nonlinearity, where an abrupt change in stiffness may occur when bodies come into or out of 
contact with each other. In this study both material and geometric nonlinearities are 
considered. Further information regarding nonlinear finite element analysis using ANSYS as 
well as the iteration methods used is presented in ANSYS Inc. (2010). 
 
2.6 Axial shortening measurements of high rise buildings 
Although DAS is predicted at the design stage, these values can differ from the actual due to 
variations in material properties, environmental and loading conditions from that considered 
in the design stage calculations. The following methods are currently used for measurement 
of axial shortening: 
• Mechanical gauges (DMEC strain gauges) (Figure 2-11 a) 
• Surveying techniques (Precise levelling, Total station) (Figure 2-11 b) 
•  Use of sensors: Electronic stain gauges or sensors such as vibrating wire strain 
gauges (Figure 2-11 c), acoustic wires, strain transducers and extensometers.  
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 Figure 2-11 Instruments for axial shortening measurements (a) DEMEC gauge (http://www.mayes.co.uk) (b) 
total station (c) vibrating wire gauge (http://www.promat.hk) 
 Several researchers have measured axial shortening of high rise buildings using these 
techniques as recorded in literature. Russel and Corley (1977) used precise levelling 
techniques and mechanical strain gauges to measure the vertical deformations of Water 
Tower place which is a 75 storey RC building of 252m height in Chicago. Axial shortening 
of selected columns were measured at six levels of the building for three years. For all strain 
gauge readings, measurements of air temperature and surface temperature had to be taken. 
Also according to them, for the precise levelling techniques the reading could only be taken 
once the formwork had been removed and targets have been attached. Also the accuracy is 
reduced due to the difficulty of taking readings under site conditions.  
Arumugusaamy and Swamy (1989) instrumented a sixty storey and an eighty storey building 
to obtain axial shortening measurements up to ten years of service, which is one of the very 
few studies done for such a long time period. Their study indicated the design stress of steel 
in some columns was exceeded only in 10 years’ time due to the relaxation of concrete with 
time. Bakoss et al. (1984) instrumented a medium rise reinforced building in New South 
Wales University of Technology using vibrating wire gauges. These were installed at three 
levels of the building while another set of measurements were taken in parallel using precise 
levelling. Bresford (1970) used Electronic strain gauges and the total station for 
measurements of AS. He concluded the total station set up can be successfully used to 
measure the absolute difference in shortening of columns and shear walls at a certain floor 
level. However, this method becomes problematic when the construction progresses and the 
finishes are done. 
Kim & Cho measured axial strains developed in two reinforced concrete shear walls and four 
steel embedded concrete columns in a 69 storey tower and a podium building using vibrating 
wire strain gauges (Yi and Tong 2007). Baidya and Fragomeni (2013) conducted analytical 
 
(a) 
 
(b) 
 
(c) 
Chapter 2 
  
2-23 
 
studies of axial strains of selected members in the World tower building, Sydney and 
compared with the measurements obtained from demountable mechanical strain gauges 
installed on three columns from level 14 to 39 monitored for about 200 days. Also internal 
strain gauges were utilised to measure the stress transfer from concrete to steel reinforcement 
with time. These obtained axial strains are commonly post processed with a method such as 
Fintel et al. (1987) to obtain the AS of load bearing elements.  
The techniques used in these methods, their details and the pros and cons of using different 
techniques are summarised in Table 2-4 and Table 2-5. Based on all these details available in 
the literature about measurements of axial shortening in high rise buildings, it is evident the 
use of vibrating wire gauges, external mechanical strain gauges and electronic strain gauges 
need continuous protection of the instrumentation and hence uneconomical and inconvenient 
to be used for continuous long term measurements of the axial shortening of the buildings. 
Also the accuracy is affected by environmental conditions as can be seen in Figure 2-12. This 
figure represents cumulative axial strains of several columns in World Tower building, 
Sydney where fluctuations have occurred in the readings throughout the measurement period 
due to changes in environmental conditions.  
Table 2-4: Previous projects with axial shortening measurements 
Building Surveying 
Mechanical 
strain 
gauges 
Sensor  systems 
Water Tower place, Chicago 
(75 storey RC building) 
(Fragomeni) 
√ 
Precise 
levelling 
√ 
 
New South Wales University 
of Technology medium rise 
building  (Bakoss et al. 1984) 
√ 
Precise 
levelling  
√ 
Vibrating Wire 
gauges 
Bresford 1970 (Bhady 1985) Total station 
 
√ 
Electronic gauges 
Hyperion Apartment Building  
(69 storeys) (Kim and Cho 
2005)    
√ 
vibrating wire 
gauges 
Q1(Gold coast)-  80 storey 
World tower building in  
√ 
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Sydney (2004)  (Baidya et al. 
2011) 
Baiyoke tower 
(Moragaspitiya et al. 2010) 
√ 
Precise 
levelling   
60 and 80 storey high rise 
buildings (Arumugasaamy 
and Swamy 1989)  
√ 
√ 
Acoustic gauges 
inside concrete 
briquettes 
 
In the studies of Moragaspitiya et al. (2013) the possibility of using vibration characterises of 
reinforced concrete high rise buildings to determine the DAS was indicated. These vibration 
characteristics of the building with time can be measured using accelerometers, which are 
already becoming popular for health and performance monitoring of the structures during the 
service life. Accelerometers can be installed more conveniently than all above techniques for 
measurements.  
Table 2-5: Advantages and difficulties in using the different techniques for axial shortening measurements 
Method  Advantages  Difficulties  
DMEC strain 
gauges  
•  No data logger needed 
•  Can use a single gauge for 
several places 
•  Ease of taking frequent 
readings 
• Accuracy from 1-10µԑ 
depending on the length  
•  Since externally attached can be 
damaged by construction 
•  The readings will give the 
extreme surface strains  
•  Considerable effect of human 
error  
•   The accuracy of readings 
effected by environment 
conditions (1⁰C >> abt 10µԑ)  
Vibrating 
wire gauges 
•  High precision 
•  Not disturbed by  
construction  
•  Need embedding in the 
concrete column and wire 
extensions out  to the data 
logger  
•  A data logger has to be 
constantly connected  
Electronic 
strain gauges 
• Frequent readings taken by 
automated system  
•  A data logger has to be 
constantly connected  
•  Reading effected by 
temperature 
• Expensive to install  
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Precise 
levelling 
•  Simple and economical 
(Direct measurement of 
overall shortening) 
• Useful to double check 
measurements using other 
methods  
•  Accuracy is about +/-0.25mm 
•  Difficult to get frequent data 
readings  
during construction 
 
 
Figure 2-12 Axial strains on Level 23 Columns, World Tower, Sydney (Fragomeni et al. 2009)  
2.6.1 Flexibility based methods 
Similar to damage or deterioration in a structure which increases its flexibility, axial loads 
applied on a structure lead to an increase in the flexibility of the vertical load bearing 
structural components. This alters the vibration characteristics of a structure such as the 
natural frequency of vibration and modal displacements. Therefore, modal flexibility methods 
provide a promising technique to quantify the axial load and the axial shortening of elements 
in a high rise building. The modal flexibility (MF) method is a popular vibration based 
method in structural health monitoring and has been successfully used for damage detection 
of structures by many researchers (Wickramasinghe et al. 2015; Ni et al. 2008; Patjawit and 
Kanok-Nukulchai 2005). It depends on the change in MF between an initial state of a 
structure and a subsequent (damaged) state.  
Modal flexibility, Fx at a location x of a structure can be given as; 
 
𝑭𝒙 = ∑
𝟏
𝝎𝒊
𝟐
𝒎
𝒊=𝟏 𝝓𝒙𝒊𝝓𝒙𝒊
𝑻                               Equation 2-8
          
Where i (i=1, 2, 3 …m) is the mode number considered. m and 𝜔𝑖 are the total number of 
modes considered and the natural frequency of the structure at mode i, respectively. Fx  can 
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be calculated in each story and plotted across the height of the high rise building.  This is 
done for both states of the building. The difference between the modal flexibility values 
between the two states can then be used to calculate the AS in the vertical elements of the 
high rise building. This technique will be developed in chapter 6 of this thesis.  
2.7 Summary 
From the above literature review, the following observations were made and knowledge gaps 
identified, some of which will be addressed in this research.  
 Unfavourable effects of DAS in buildings constructed with concrete have been 
observed in many buildings highlighting the necessity of making the axial shortening 
study an essential serviceability check for high rise buildings. These problems are 
further aggravated by the current construction trends of (i) using higher strength 
concrete for columns, (ii) faster floor construction cycles, (iii) utilising form work 
systems such as the jump-form type with the core constructed 3-4 cycles before the 
columns and (iv) complex load paths due to irregular buildings 
 The DAS in a high rise building with CFT columns is influenced by (i) construction 
sequence and concrete levelling (ii) stress relaxation of concrete due to the presence 
of the steel tube (iii) time dependent material properties and (iv) effects of belt and 
outrigger systems. However, Analytical methods available to predict the DAS in the 
current literature focus mainly on conventional reinforced concrete construction and 
these are also limited to few parameters. Therefore a holistic approach considering all 
influencing factors to predict DAS in high rise buildings with CFT columns is 
currently not available and hence needs to be developed. 
 CFT columns are increasingly becoming popular in High rise buildings due to their 
many advantages over conventional RC construction and hence understanding their 
DAS behaviour is important.  The creep and shrinkage of CFT columns develop more 
rapidly, and are lower in magnitude than those in RC columns due to the non-
exposure of concrete in the column to the environment. Also the steel content in CFT 
columns can be commonly higher than that in a RC column. Therefore, trends in 
Differential Axial shortening (DAS) in CFT buildings will be different from those in 
RC buildings and thus needs to be investigated comprehensively. 
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 The suitability of the material models for creep and shrinkage given in the current 
codes of practices to predict axial shortening in CFT columns needs to be evaluated.  
 The predicted magnitude of axial shortening in a building at design stage can be 
different from the actual due to uncertainties in material, environmental and loading 
conditions. Therefore it is necessary to update them at construction and service stages 
of a building. The instrumentation of high rise buildings with strain gauges to measure 
these actual axial shortening of structural components as construction proceeds and 
during the service life is not common due to the inconvenience of implementation and 
protecting them for long time durations. Therefore, use of vibration characteristics to 
update the design stage predictions of DAS in a high rise building seems to be a 
promising method which and needs to be investigated in detail, and implemented for 
high rise buildings with CFT columns. 
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CHAPTER 3 
3. Development of Finite Element Models and Validation of Modelling Techniques 
3.1. Introduction 
Finite element (FE) packages are commonly used to solve complex structural engineering 
problems due to their efficiency both in terms of cost and time. Finite element models, with 
the modelling techniques properly validated, therefore provide a very good tool to predict the 
AS in high rise buildings with composite CFT columns. This study was mainly carried out 
using the FE package ANSYS for the computational simulations. This chapter describes the 
procedure developed, theory behind the numerical method and material models which were 
used in this study. 
Numerical models developed in FE packages need to be verified for the accuracy of the 
modelling technique and the results obtained. This chapter also presents the validation of the 
modelling techniques developed using the experimental investigations carried out by Kwon et 
al. (2005) and Morino et al. (1996). Finally a sensitivity analysis of the AS (in the columns) 
to the changing geometric and material properties in the CFT columns is presented for further 
verification of the developed procedure. 
3.2. Methodology 
This study develops and applies a comprehensive procedure to predict the differential axial 
shortenings (DAS) in a CFT high rise building. The procedure includes the effects of 
reinforcement, time dependent material properties, construction sequence with concrete 
levelling effects and interaction of outrigger and belt system with the structural frame as 
shown in Figure 3-1 and therefore will provide accurate predictions. It uses the available 
material models in Euro Code 2 (EC2) (BSI 2004) and knowledge on individual element 
behaviour for CFT, along with the finite element package ANSYS. The creep calculation is 
based on the Age Adjusted Effective Modulus (AAEM) method developed by Bazant and 
Baweja (2000) which includes the effects of aging of concrete and can be applied to the 
analysis of a high rise building accurately with limited computational demand. This 
combination of material model and creep calculation method is selected based on outcomes 
of the research of Geng et al. (2012) who compared the creep material models applicable to 
CFT, with results of 81 experimental tests on creep and shrinkage behaviour of CFT for a 
range of normal and high strength concrete mixtures. They used the large test data on CFT 
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and recommended: (i) use of EC2 for the axial shortening predictions and (ii) use of 
coefficients developed by Bazant and Baweja (2000) for AAEM calculations. 
 
 
 
 
 
 
 
 
Figure 3-1 Method development for DAS prediction 
 
3.2.1. Time dependent material model of concrete 
The time dependent material model of concrete recommended by EC2 is used in the present 
procedure. It considers the mean compressive strength 28cmf  of concrete based on the cylinder 
strength at 28 days, the compressive strength )(tfcm  at any time “t”, the Young’s modulus of 
elasticity 
28cmE in 28 days and a coefficient s  to incorporate the effect of cement type. Based 
on these, the following equations present the time dependent Young’s modulus of elasticity 
 tEcm  of concrete.  Further information on this material model can be obtained from Euro 
code 2 (BSI 2004) 
 
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Where, 
Material level: 
EC2 creep, shrinkage and time dependent 
Young’s modulus of elasticity  
+ 
Age Adjusted Effective modulus method 
as creep calculation algorithm 
Structural Element level: 
 
Effect of reinforcement   
Global Structural level: 
Construction sequence and concrete 
levelling effects 
+ 
Outrigger-belt system interaction 
New procedure 
Developed 
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
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S classcement for    0.38
s                              
3.2.2. Creep and shrinkage model of concrete  
Creep material model presented in EC2 was incorporated into the methodology developed 
and presented in this chapter through the MPCHG command in ANSYS finite element code. 
This command allows the user to replace material properties with modified values in each 
load sub step during the analysis of the structure. The shrinkage material model was included 
as an equivalent thermal load. During construction and service stages, the Young’s Modulus 
of concrete was replaced by the relevant age adjusted effective modulus to include the long 
term time dependent effects at each time step. In the creep calculation, time-dependent 
concrete behaviour is modelled by age adjusted effective modulus method developed by 
Trost and Bazant (2000). The age adjusted effective modulus; 𝐸𝑒̅̅ ̅̅ (𝑡, 𝑡0) at any time t for first 
loading at t0, is expressed by Equation 3-3. The aging coefficient; 𝜒(𝑡, 𝑡0) as defined by Trost 
and Bazant is in Equation 3-4, relaxation function 𝑅(𝑡, 𝑡0) in Equation 3-5 and compliance 
function 𝐽(𝑡, 𝑡0) according to EC2 in Equation 3-6. 
Ee̅̅ ̅(t, t0) =
Ec(t0)
1+χ(t,t0) ϕ(t,t0)
                                                                                         Equation 3-3         
χ(t, t0) =
E(t0)
E(t0)−R(t,t0)
−
1
ϕ(t,t0)
                                                             Equation 3-4 
R(t, t0) =
0.992
J(t,t0)
−
0.115
J0
[
J(t0+ξ,t0)
J(t,t−ξ)
− 1]                                                   Equation 3-5 
J(t, t0) =
1
Ec(t0)
+
∅(t,t0)
1.05×Eci
                                                                                     Equation 3-6 
In the above equations, t0 is the time of first loading, 𝐸𝑐(𝑡0) is the Young’s modulus of 
elasticity at the time of first loading, 𝜙(𝑡, 𝑡0) is the creep coefficient from EC2 as presented  
below in Equation 3-7, 𝐸𝑐𝑖 = 𝐸𝑐0[𝑓𝑐𝑚28/𝑓𝑐𝑚0]
0.3, 𝐸𝑐0 = 2.2 × 10
4, 𝑓𝑐𝑚0 = 10, 𝜉 =
𝑡−𝑡0
2
  and  𝐽0 = 𝐽(𝜉 + 𝑡0, 𝜉 + 𝑡0 − 1).  
The creep coefficient; ),( 0tt as obtained from EC2 recommendation gives: 
)()()(),( 00280 tttftt cmRH                                                      Equation 3-7                                         
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Where; 
RH , )( 28cmf and )( 0t are factors to allow for the effects of relative humidity, 
concrete strength and concrete age at loading on the notional creep coefficient. The time 
function of creep development 𝛽(𝑡 − 𝑡0), that depends on relative humidity and notional 
member size; 
u
A
h c
2
0  (Ac-concrete cross-sectional area, u is exposed perimeter) is as given in 
Equation 3-8.  
                                                                                    Equation 3-8 
 
Concrete shrinkage comprises of two components drying  tcd and autogenous  tca . The 
drying shrinkage depends on the notional size of the specimen, environmental conditions 
such as relative humidity and temperature, strength of concrete and type of cement used, 
while the autogenous shrinkage only depends on the strength of concrete. The drying 
shrinkage component can be represented in the Equation 3-9 below, while the autogenous 
shrinkage is defined in the Equation 3-10.   
    0,, cdhsdscd kttt                                                                       Equation 3-9 
  )()(  caasca tt                                                                                       Equation 3-10 
In drying shrinkage, the basic shrinkage strain; 0,cd is modified with hk , a coefficient 
depending on the notional size h0 and the time function for drying shrinkage;  sds tt, . 
Whereas in autogenous shrinkage, )()( jasca and   are the basic autogenous shrinkage 
strain and the time function for shrinkage development respectively. 
The present procedure uses an infinite value for the hypothetical thickness or notional size of 
the CFT components in order to eliminate the influence of the drying component in both 
shrinkage and creep on the axial shortening of CFT. Also, the relative humidity has been 
considered as 100% for CFT columns to account for the non-exposure of the concrete to the 
outer environment due to the presence of the outer steel tube. 
3.0
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0
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3.2.3. Effect of confinement of concrete and bond slip behaviour between concrete and 
steel 
As also discussed in detail in Section 2.3.4 of Chapter 2, the uni-axial state of concrete creep 
sufficiently describes the behaviour of concrete in CFT under service loads of structures. 
Therefore, the effect of confinement is not considered in this study for AS quantifications. In  
the studies of Uy (2001) and Kwon et al. (2005) who measured the strains on both steel shell 
and internal concrete of eight CFT columns filled with high strength concrete, no significant 
differences between these two figures were for the case of load applied both on concrete and 
steel tube together. The columns in high rise buildings are also under similar loading situation 
and therefore the bond slip behaviour is not included in the quantifications in this study. 
3.2.4. Simulation of construction sequence 
During the construction stage of the building, structural components were incorporated into 
the whole structural system following the construction schedule of 7 days construction cycle 
and hence the stiffness and the self-weight for the system vary during construction. Here, the 
construction cycle time of 7 days is representative of the current trend of fast construction of 
high rise buildings. In addition, it is common to construct the shear core few floors before the 
structural frame in order to facilitate the use of jump form systems. Therefore the shear core 
walls are constructed three storeys ahead of the structural frame in this building. “Birth and 
Death of elements” option with geometric nonlinearity available in ANSYS was utilised to 
simulate these construction stages accurately. At the beginning of the analysis, all 
components of the system were killed (or deactivated) and all degrees of freedom (DOF) of 
these floating elements were fixed. The structural components were then gradually added 
(activated) according to the construction sequence while releasing the relevant DOF. To 
achieve the "element death" effect in the ANSYS program, the stiffness of the structural 
components is multiplied by a very high reduction factor. Element loads associated with 
deactivated elements are zeroed (removed) out of the load vector. An element's strain is also 
set to zero when an element is killed. Similarly when an element is reactivated, all these 
return to their full original values. In addition, elements are reactivated with no record of 
strain history (ANSYS Inc. 2010). Figure 3-2 shows the activated elements in a few 
representative construction steps such as after (a) 10
th
 story construction (b) 23
rd
 story 
construction, (c) 43
rd
 story construction and (d) 60
th
 story construction. 
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The concrete levelling effect has been incorporated into the analysis based on the concept 
illustrated in Figure 3-3. The emphasis was given to keep the storey level at the correct 
elevation rather than maintaining the height of the columns. At construction of the 1
st
 floor, it 
was activated at the original level indicated by the dotted line and after formwork removal the 
columns and the shear wall settle by δu and δv respectively. Therefore, when the second floor 
is constructed the slab will be at 2
nd
 level indicated in the figure and the initial geometry of 
the second storey column is changed to have a length of L+δu at element activation and 
similarly for the shear wall at the second storey level, the initial geometry at activation is 
changed to have a height of L+ δv. 
Figure 3-2  Modelling construction sequence 
      
Figure 3-3  Modelling concrete levelling effect 
3.3. Validation of computational technique 
The modelling technique is validated using experimental data published by Kwon et al. 
(2005) and Morino et al. (1996) on the axial shortening of CFT columns. Both these 
    
L 
δu 
1
st
 Level at 
construction  
2
nd
 Level at 
construction 
δv 
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experiments investigated the axial shortening in CFT columns, including the creep and 
shrinkage effects, when subjected to sustained compression loads similar in magnitude to 
serviceability stresses in a building. 
3.3.1. Experiment 1: Kwon et al. (2005) 
In the experimental study on the axial shortening behaviour of CFT columns by Kwon et al. 
(2005) two loading cases (1) load applied only on the inner core concrete of a CFT column; 
and (2) load applied simultaneously on both the inner concrete and the steel tube have been 
studied and are illustrated in Figure 3-4. The validation conducted in the research work 
presented in this section is based on the second loading case which is commonly identified in 
high rise buildings. In this load case, the CFT column was loaded with 370kN on both 
concrete and steel at 28 days which resulted in a stress ratio (to strength at 28 days) of 0.31 in 
the concrete. The length of the column specimen (H) was 560 mm with a circular cross 
section of 140 mm outer diameter (D) and a steel tube thickness (h) of 2.9mm. The geometry 
and material properties of the CFT columns used in the experiment are further tabulated in 
Table 3-1, where α is the steel ratio, N is the Load applied, nc is the stress ratio (applied 
stress/fcm28), fcm28 and Ecm28 are concrete properties average cylinder strength and the Young’s 
modulus of Elasticity at 28 days, Es is the Young’s modulus of Elasticity of steel.   
 
Figure 3-4 Loading cases considered by Kwon et al. (2005) (a) load applied only on the inner core concrete (b) 
load applied simultaneously on both concrete and the steel tube 
Table 3-1 Details of the CFT specimen (Kwon et al. 2005) 
Experiment 
CFT dimensions 
H x D x h  (mm) 
α 
N 
(kN) 
nc 
fcm28 
MPa 
Ecm28 
GPa 
Es 
GPa 
Kwon et al 
(2005) 
560x140x2.9 0.088 370 0.31 57.1 37.7 212.7 
(a) (b) 
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This experiment was modelled in ANSYS using the developed method and Figure 3-5(a) 
illustrates a typical CFT specimen loaded for creep test, (b) the column modelled with 
BEAM188 elements and (c) the user defined cross section of CFT in the FE model. 
Comparison of the axial shortenings in the CFT column predicted in this research and the 
experimental data are depicted in Figure 3-6 below. By the end of the 65 days of 
experimental monitoring, the total axial strains of the column specimen reached a maximum 
of 620 micro strains (µԑ) which is closely predicted by the numerical simulation as shown in 
this figure. This comparison indicates a very good agreement highlighting the accuracy of the 
modelling techniques and the procedure developed.  
                    
(a)                                     (b)                                    (c) 
Figure 3-5 (a) A typical CFT specimen  loaded for creep test (Ma and Wang 2012)  (b) Column model with 
BEAM188 (c) User defined cross section for CFT   
The procedure developed in this research and described in the previous sections of this 
chapter has the ability to capture the time dependent load migration between concrete and 
steel. This can be clearly observed in Figure 3-7 which shows the variation of stress in 
concrete and steel in the column. In this experiment, the variation indicates a 22% stress 
decrease in the concrete while 28% stress increase in steel at the end of 70 days. In this 
experimental study it was further observed that the strains in the concrete and steel inner tube 
were similar in magnitude both at initial loading and afterwards. This observation confirms 
that it is safe to assume perfect bond between concrete and steel in a CFT column for finite 
element modelling when the loading is applied both on concrete core and the steel tube of a 
CFT column. 
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Figure 3-6 Axial shortening of CFT column in Kwon et al. (2005) 
 
Figure 3-7 Stress variation in steel and concrete with time in CFT specimen of Kwon et al. (2005) 
3.3.2. Experiment 2: Morino et al. (1996) 
In this study of Morino et al. (1996), long term deformations due to creep and shrinkage in 
a CFT column and beam specimens were experimentally investigated. This validation 
considers the column specimen C-120-2.3 which was also used by Geng et al. (2012) in the 
study of individual CFT column behaviour under sustained compression loading. Geng et al. 
(2012) obtained creep and shrinkage predictions analytically for this experiment with good 
agreement using EC2 material model. The column specimen C-120-2.3 was 1203.3mm in 
height with a cross section of 100mm diameter and a steel tube of 2.14mm thickness. The 
geometry and material properties of this CFT column specimen are tabulated in  
Table 3-2 and the notations are similar to those in Table 3-1. This CFT column was loaded 
with 115kN at 28 days to apply a stress ratio of 0.22 in the concrete (compared to strength at 
28 days).  
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Table 3-2 Details of the CFT specimen (Morino et al. 1996) 
Experiment CFT dimensions 
H x D x h  (mm) 
α N 
 (kN) 
nc fcm28 
MPa 
Ecm28 
GPa 
Es 
GPa 
Morino  
(1997) 
C-120-2.3 
1203.3x100x2.14 0.091 115 0.22 19.9 20.7 192 
Figure 3-8 below depicts the comparison of axial deformations of the CFT column predicted 
by this research and the experimental results. It is evident that the two sets of results show 
very good agreement and this further confirms the accuracy of the modelling techniques and 
the procedure developed. Further, Figure 3-9 shows the variation of stress in concrete and 
steel in the column obtained in the experiment and predictions using the proposed procedure 
which can quantify the time dependent load migration between concrete and steel. It is seen 
that the CFT column used by Morino et al. (1996) has a 40% increase in steel stress and 34% 
decrease in the concrete stress at the end of 200 days from the first loading and these results 
agreed very well with those predicted by the present research.   
 
Figure 3-8 Axial shortening of CFT column in Morino et al. (1996)  
B = 100mm 
H = 1203mm 
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Figure 3-9 Stress variations in steel and concrete with time in specimen C-120-2.3 in Morino et al. (1996) 
3.3.3. Parametric study 
A sensitivity analysis was conducted in order to observe the accuracy of the developed 
procedure. The axial shortenings were calculated for the CFT specimen of Kwon et al. 
(2005), using the present procedure and by varying the steel tube thickness, diameter, 
strength of concrete and time of load application. Figure 3-10(a) shows the axial shortenings 
of the column with different steel tube thicknesses and (b) with different diameters of steel 
tube. Figure 3-10 (a) shows that the axial shortening reduces with increasing steel tube 
thickness. This is due to the fact that when the amount of steel in the column increases, the 
axial stiffness and hence the deformation reduces in addition to the reduced creep component. 
Similarly, Figure 3-10 (b) shows that the axial shortening decreases with increasing tube 
diameter due to the increase in axial stiffness.  
  
Figure 3-10 Axial shortening of CFT with (a) Varying steel tube thicknesses (b) Varying steel tube diameters  
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Figure 3-11 Axial shortening of CFT Varying (a) time of load application (b) concrete strength 
Similar results were observed from the parametric studies conducted with the concrete 
strength and time of loading. Figure 3-11(a) presents the axial shortening of CFT with 
varying time of load application while Figure 3-11(b) shows that for different concrete 
strengths. As clear from these graphs, later the concrete is loaded, lesser the axial shortening 
due to less creep in mature concrete. Also higher concrete strengths, in the CFT column leads 
to lower axial shortening due to the lower creep component as expected. These observation 
provide clear evidence that the procedure developed in this research has the ability to capture 
the AS behaviour of CFT columns. 
3.4. Summary 
This chapter presented the development of suitable finite element techniques to simulate time 
dependent deformations in CFT columns and RC shear core walls. Numerical simulations 
were conducted using the FE package ANSYS and the modelling techniques were validated 
using the experimental studies of Kwon et al. (2005) and Morino et al. (1996). Further from 
the sensitivity analysis of the AS in columns to the changing geometric and material 
properties in a CFT column, the following conclusions were made: The axial shortening 
reduced with increasing steel tube thickness, increasing tube diameter, loading time and 
concrete strength. Thus this sensitivity study further proved that the procedure developed has 
the ability to capture the AS behaviour of CFT columns successfully. Furthermore, it showed 
that the comprehensive finite element models developed in this research are able to simulate 
the DAS in CFT high rise buildings considering all the influencing factors. Hence these 
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techniques can be applied to a 60 storey high rise building with composite CFT columns, as 
presented in the next chapter.  
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CHAPTER 4 
4. Differential Axial Shortening and its Effects in High Rise Buildings with 
Concrete Filled Tube (CFT) Columns 
4.1. Introduction 
Use of Concrete Filled Steel Tube columns is becoming increasingly popular in high 
rise buildings due to their superior strength, seismic and fire resistance capacities and 
construction simplicity. These composite columns and the reinforced concrete (RC) 
lift core in the framing systems of high rise buildings are commonly coupled with 
reinforced concrete outrigger and belt systems to facilitate lateral load resistance. 
Axial shortening (AS) of the vertical structural components due to time dependent 
phenomena of basic creep, shrinkage and elastic deformation, is a common problem 
in concrete high rise construction. The creep and shrinkage of these composite 
columns develop more rapidly, but are comparatively lower in magnitude than those 
of RC columns due to the concrete core having no direct exposure to the external 
environment. There is a need for a comprehensive understanding of the Differential 
Axial shortening (DAS) in Concrete Filled Tube (CFT) buildings which will be 
different from that in a RC building. An appraisal of the DAS and accurate 
quantification of all the adverse effects that can occur in a building due to DAS, are 
required to facilitate a safe and efficient design.  
This chapter presents the application of the comprehensive technique developed and 
validated in the previous Section to evaluate the DAS in a high rise building with 
composite CFTs. The detrimental effects of DAS due to creep and shrinkage are 
more evident in buildings beyond the 30 storey range. Therefore, in this application a 
60 storey building is considered. This developed technique incorporates the effects of 
(i) construction sequence and concrete levelling (ii) stress relaxation of concrete due 
to the presence of the steel tube (iii) time dependent material properties and (iv) 
effects of belt and outrigger systems. The DAS between the vertical members are 
evaluated and its effects on the structural components are studied. Since this thesis 
essentially treats the DAS in composite high rise buildings under gravity loads, the 
scope of this study is limited to long term behaviour under compressive stresses only. 
Creep due to both compression and tension is considered to be the same for 
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simplification and computational efficiency. Bending is not considered. Finally, the 
technique is applied to a similar building with RC columns and the results compared 
with those from the CFT building. The technique developed in this research and the 
new information on DAS generated will facilitate safer designs of buildings with 
composite CFT columns.  
4.2. FE modelling of the high rise building  
The 60 storey CFT building selected for this study has a reinforced concrete core 
shear wall system and a belt and outrigger system both of which are commonly used 
in high rise buildings. The building lay-out is shown in Figure 4-1(b). 80MPa 
concrete (mean compressive strength at 28 days based on cylinder strength) has been 
used for columns, outrigger and belt systems, 65MPa concrete has been used for the 
walls and 40 MPa concrete has been used for the floor plates (thickness -200mm). 
The reinforcement content of the walls is 3% of the cross sectional area. Sizes of the 
structural components are presented in Table 4-1 and Table 4-2.  “D” and “h” in 
Table 4-1 are the external diameter and the steel tube thickness of CFT columns 
respectively. The analysis results of this CFT building are compared with those of a 
similar building with RC (Reinforced concrete) columns. Columns in both the CFT 
and RC buildings have equal axial and bending stiffness.  
Table 4-1 Sizes of columns and thicknesses of core shear walls 
Floor 
number 
CFT column 
sizes 
D x h (mm) 
Shear Wall 
thickness (m) 
1-21 1150 x 16 1.2 
22-41 900 x 12 1.0 
42-60 800 x 8 0.75 
 
Table 4-2 Size of walls in outrigger and belt systems 
Floor 
number 
Outrigger wall 
size (m) 
20-21 0.8 
40-41 0.6 
The analyses were conducted incorporating the influences of the self-weight, 
superimposed dead load (1.8 kPa) and construction live load (2.0kPa).Environmental 
conditions considered are 50% humidity and 30⁰C temperature. A finite element 
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model was developed for the structural framing system as shown in Figure 4-1(a). In 
this model, the columns and beams were modelled using beam (BEAM188) elements 
while the shear core walls, slabs and the outrigger- belt system were modelled using 
shell elements (SHELL181). To simulate the effect of steel, the direct generation 
method of elements was utilised in the pre-processing stage to generate two elements 
sharing common two end nodes, one element representing the concrete core and the 
other the steel tube. 
 
(a)                                                                                                (b) 
Figure 4-1 High rise building Isometric View and Plan View 
4.2.1. Time dependent strain development in components  
Time dependent behaviour of the vertical structural components in the CFT building 
during and after construction was observed. The variation of elastic, creep and 
shrinkage strains in Columns A and C (see Figure 4-1) at levels 10, 30 and 50 of the 
CFT building is shown in Figure 4-2. The present results predict a maximum creep 
coefficient (= creep strain/elastic strain) of 0.75 for CFT columns. The concrete 
grade in the columns was 80MPa and these predictions are comparable with the 
experimental observations on high strength concrete by Uy et al (Uy 2001) who 
obtained an average creep coefficient value of 1.0, for sealed concrete of 52 MPa 
strength. Moreover, the maximum shrinkage strain in both columns A and C is 150 
micro strains, which is agreeable with the data available in the literature (Uy 2001). 
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As evident from these figures, creep and shrinkage strain components are 
significantly lower in CFT columns due to their non-exposure to the environment 
than the elastic strains for the building considered.  
Figure 4-3 similarly illustrates the elastic, creep and shrinkage variations in the shear 
walls with time. Due to their lower stress ratios compared to the columns and the 
higher exposed area to the environment, shrinkage is the main contributor to the axial 
shortening. The stress variation in concrete with time in the CFT column A is given 
in Figure 4-4. The stress ratios between the columns and the shear walls are 
maintained between 0.2 - 0.4 to be consistent with the practical range as observed in 
the building survey by Yi and Tong (2007).   
 
             (a) 
 
(b) 
(c) (d) 
(e) (f) 
Figure 4-2 Variation of elastic, creep and shrinkage strains in Column A at levels (a) 10, (b) 30 and 
(c) 50 and for Column C at levels (d) 10, (e) 30, (f) 50 of CFT building 
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(a) 
 
(b) 
 
 
(c) 
Figure 4-3 Variation of elastic, creep and shrinkage strains in shear wall for level (a) 10, (b) 30 and 
(c) 50  
                  
Figure 4-4 Variation of Stress in concrete in column A at different levels for CFT building  
4.2.2. Axial shortening in columns and shear walls during and post construction  
The axial shortening due to these time dependent elastic, creep and shrinkage strains 
of columns and the reinforced concrete shear core walls along the building height are 
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presented in Figure 4-5 for CFT building, where (a) is the axial shortening of 
columns A and C and point B in the Shear wall (see Figure 4-1) along the height of 
the building at 441 days (end of construction) and (b) the same after 4500 days from 
the start of construction. The long term effects are considered only up to 4500 days 
as most of the AS in concrete elements occur during the first 10-12 years as observed 
by many researchers (Baker et al. 2007). This was further verified during the 
preliminary analysis stages and final results are obtained and presented till 4500 days 
for computational efficiency with no effect on accuracy.  According to the analysis, 
at the end of construction (441 days), Column A reached a maximum axial 
shortening of 42.16mm at floor level 31 and the shear wall reached a maximum of 
30.97mm at level 34. However, with time due to the accumulating effects of creep 
and shrinkage of the floors below, these maximum values shifted to 59.6mm at floor 
48 for CFT column A and to 51.19mm at floor level 46 for shear wall by the end of 
4500 days (from construction commencement). Column C displayed similar trends. 
 
 
(a) 
 
 
(b) 
Figure 4-5 Axial shortening of vertical load bearing elements (a) at the end of construction, (b) at 
4500 days from start of construction of the CFT building 
4.3. Differential axial shortening in adjacent gravity load bearing elements 
Differential Axial shortening between Columns A and C in the CFT building is 
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outrigger is shown in Figure 4-6 (b).  Although in this building, ASs of the gravity 
load bearing elements increase with time, the differentials are controlled by the 
outrigger and belt system. The differential axial shortening of the vertical load 
bearing structural components is reduced significantly at the outrigger floor levels of 
19-21 and 39-41 as indicated in Figure 4-5 and Figure 4-6 confirming that load 
migration occurs between the structural components at these locations due to the 
outrigger systems. Figure 4-6 shows that up to floor level 41 where the effect of 
outrigger and belt system is present, the DAS between Column A and C increases 
only marginally with time and that between Columns A and shear wall is consistent 
with time, during the period from end of construction till 4500 days. From floor level 
41 upwards, where the outrigger and belt system effect is not present, DAS between 
the Columns A and C increased with time with the maximum at floor level 51 as 
seen in Figure 4-6 (a). Here the value of 5.26mm at the end of construction increased 
with time to 7.54mm at 4500 days from start of construction. On the contrary, the 
DAS between the perimeter Column A and shear wall connected to it by outriggers 
decreased with time above level 41, as seen from Figure 4-6 (b). 
Figure 4-6 Differential Axial shortening (a) between column A and C, (b) between column A and 
shear wall at B  
 
                  (a) 
 
                                (b) 
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In fact the DAS between column A and the shear wall is negative in the top three 
floors of this CFT building indicating that the AS of the shear wall in these floors 
surpasses that of the column. This is due to higher shrinkage and creep of the shear 
walls resulting from drying and the columns at top levels being lightly loaded than 
the bottom columns. Interestingly this negative DAS amounts up to a maximum of 
12.66mm at the top of the CFT building by the end of 4500 days which is close in 
magnitude to the positive maximum DAS at floor level 50. From these observations 
it is clear that the critical DAS in a CFT building can occur at the top most levels due 
to long term deformations resulting from creep and shrinkage. It is therefore 
important to accurately predict these values for a CFT building. 
4.4. Adverse effects of DAS  
4.4.1. Axial force redistribution in columns and shear walls due to DAS 
 
(a)                                                                                                                                                                           
 
(b)
 
(c) 
Figure 4-7 Axial force in (a) concrete core, (b) steel tube and (c) total axial force of Column A in 
CFT building 
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The procedure developed in this research can estimate the axial force redistribution 
between the vertical load bearing elements in a high rise building. The axial force 
distributions in the concrete, steel and the (total) Column A along the height of the 
CFT building are illustrated in Figure 4-7(a), (b) and (c) respectively. As evident in 
Figure 4-7(a) and (b), in column A, below level 41 where the effect of outrigger and 
belt system is present, there is an increase in the axial loads carried by both concrete 
and steel components. This is a result of the load migration occurring form shear 
walls to the columns through the outrigger system in the building, which increased 
the total axial load in Column A by up to 10.7% during the time from end of 
construction till 4500 days as shown Figure 4-7(c). Comparatively, there is only a 
marginal reduction in the axial force in concrete and an increment of 13.8% in axial 
force in steel tube in Column A at floor levels above the top most outrigger level. 
This load migration at the individual element level from concrete to steel, in columns 
above the outrigger levels is solely due to the creep and shrinkage strains developed 
in the concrete.  
Similarly, the load migration through the outriggers resulted in a maximum decrease 
of 6.51% in the axial loads carried by the shear walls below the outrigger levels as 
evident in Figure 4-8. This Figure depicts the axial force distribution in the shear 
wall along the building height both at the end of construction and after 4500 days 
from the construction commencement.  
 
Figure 4-8 Axial force in shear wall along the building height 
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These observations indicate the importance of considering the axial force 
redistribution in the members of a structural frame due to DAS. The axial force 
increment in steel tube of CFT columns in high rise buildings, due to effect of load 
transfer from other elements as well as load migration at the individual element level 
due to creep and shrinkage of concrete infill should be quantified, which otherwise 
can lead to unsafe designs. 
4.4.2. Effect of differential axial shortening on outrigger and belt system 
The above mentioned linkage between columns and shear walls through the outrigger 
which leads to partial gravity load transfer from/to columns to/from shear walls, 
leads to high gravity transfer stresses in the outrigger and belt systems. The stress 
increment due to the load migration, impacts significantly on the performance of the 
lateral load resisting system of the whole building. The method developed in this 
thesis considers the global behaviour of the structure with the interaction of belt and 
outrigger systems and therefore predicts these gravity transfer stresses accurately. 
This increment of stresses in outrigger and belt system is evident in the stress plots 
shown in Figure 4-9. Figure 4-9(a) and (b) illustrate the horizontal stresses in the 
bottom outrigger located between floor levels 19-21 at the end of outrigger 
construction and after 4500 days respectively while Figure 4-9(c) and (d) show the 
same in the bottom belt.  
Figure 4-9 (a) and (b) show that the maximum horizontal stress (compressive) in the 
bottom outrigger in the CFT building increased from 2.7MPa (at end of construction 
of outrigger) to 10MPa (after 4500 days) which is an increase of 270% due to gravity 
load redistribution through outrigger caused by DAS effects during this period. The 
maximum transverse shear stresses also increased during this time from removal of 
formwork of outrigger till end of 4500 days, by 369% rising from 1.46 MPa to 6.85 
MPa. The maximum horizontal (XX) and shear (XY) stresses developed in the 
outrigger belt system are further summarised in Table 4-3 and Table 4-4  
respectively. From these results  it is evident that for the specific building considered, 
there is a 2-4 times increment in outrigger stresses from outrigger construction till 
end of 4500 days due to differential axial shortening of vertical load bearing 
elements. Similar behaviour was observed for the top outrigger in both buildings. As 
shown in Figure 4-9 (c) and (d), the bottom belt was under similar horizontal direct 
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stresses just after the removal of belt and outrigger form work with the maximum 
being 1.19 MPa. At 4500 days, this maximum stress increased by 192.8% up to 
3.49MPa. However, considering the outrigger concrete strength which is 80MPa, the 
final stresses due to gravity loading and the differential axial shortening are about 
14% of the concrete strength and therefore do not exceed the safety limits.  
Figure 4-9 XX stresses (a) at the end of outrigger construction (b) at 4500 days in the bottom 
outrigger of the building, (c) and (d) same for bottom belt in kN/m2 
It is thus evident that outriggers and belt systems which play a role in lateral load 
resistance in high rise buildings can also be used for mitigation of DAS in the 
building. This can be a more convenient solution than the other currently used 
methods such as delaying the construction cycle, using delayed connection of 
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outrigger belt systems or using detailed control measures such as sliding friction 
joints at the intersection of the walls as used in the Water Front Place Brisbane, 
Australia (Choi et al. 2012). However this decision is very design specific and it is 
important to conduct accurate analysis of DAS considering all factors affecting AS 
of columns and walls mentioned in this study.  
Table 4-3 Maximum and minimum horizontal (XX) stresses in the outrigger belt system in kN/m2 
  
Bottom 
outrigger 
Bottom 
belt 
Top 
outrigger 
Top belt 
End of outrigger 
construction 
min 
max 
-2441.72 
2652.32 
-1336.85 
1193.86 
-2346.23 
2441.75 
-1332.81 
1172.92 
4500 days 
 
min 
max 
-4997.97 
10010.9 
-4499.45 
3492.62 
-5292.82 
7017.79 
-5081.35 
2809.38 
 
Table 4-4 Maximum and minimum shear (XY) stresses in the outrigger belt system the wall in kN/m2 
  
Bottom 
outrigger 
Bottom 
belt 
Top 
outrigger 
Top belt 
End of outrigger 
construction 
min 
max 
240.41 
1459.58 
-457.16 
789.62 
273.77 
1573.95 
-396.34 
734.40 
4500 days 
 
min 
max 
-1534.6 
6852.69 
-2300.67 
2818.82 
-528.111 
7017.79 
-2051.26 
2410.17 
4.4.3. Effect of differential axial shortening on beam moments   
The beam bending moments at both supports for Beams 1 and 2 (refer Figure 4-1) 
are depicted in Figure 4-10 and Figure 4-11. Figure 4-10 illustrates the bending 
moments of Beam 1, 1m away from the two supports at Column A and corner 
Column C, while Figure 4-11 depicts the same for Beam 2, connecting the perimeter 
Column A and shear core wall at B. Notation B10_column C denotes the bending 
moment of beam at level 10 in building, at a point 1m away from the support 
(Column C).  At the end of relevant floor construction, bending moment in Beam 1 at 
the end fixed to Column C, was 275.2kNm while at end fixed to Column A this was 
215.67kNm. These values changed to 316.57 and 179.44kNm by the end of 168 days 
from project start when the bottom outrigger and belt were constructed and remained 
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unchanged afterwards due to the effect of outrigger and belt system. These changes 
of 15% and 16.8% in the bending moments are due to Column A undergoing higher 
AS than Column C. Similar behaviour was observed in Beam 1 at level 30. 
Conversely, the bending moment in Beam 1 at level 50 where the outrigger and belt 
effects are not present, increased from 234.25kNm to 323.22kNm at column end C 
which is an increment of 37.98% while the moment at end A reduced by a similar 
amount form the initial value of 222.6kNm. Beam 2 connecting the perimeter 
column and the shear core showed similar behaviour as evident in Figure 4-11. 
 
Figure 4-10 Bending moment in the beam 1, 1m away from the support for CFT building 
 
Figure 4-11 Bending moment in the beam 2, 1m away from the support for CFT building 
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These observations highlight the importance of incorporating the effects of DAS in 
design moments and shear forces in the connecting beams in high rise buildings, 
most importantly in those that are above the outrigger levels. The procedure 
developed in this study captures these changes in the bending moments of beams in 
the high rise building. 
4.5. Comparison of CFT with RC columns in high rise building construction 
The procedure developed in this study can also be conveniently used to compare the 
AS performance of RC columns when the CFT columns in the building are replaced 
by them. Time dependent behaviour of structural components during and after the 
construction was studied for the building with CFT column described in section 
4.2.3. These analysis results are now compared with the behaviour of a similar 
building with RC (Reinforced concrete) columns. Columns in both the CFT and RC 
buildings have same reinforcement ratio, and same area, therefore equal axial and 
bending stiffness. The reinforcement cage of RC columns was modelled as a discrete 
steel tube element inside concrete with the clear cover of 30mm. All the other factors 
including material properties, building geometry, boundary conditions and loading 
are similar for both buildings. The following sections present this comparison of 
quantified DAS for both buildings and the magnitude of adverse effects due to this 
DAS. 
4.5.1. AS of columns and DAS between vertical load bearing components 
Figure 4-12 depicts the variation of elastic, creep and shrinkage strains in Column A 
at levels (a) 10, (b) 30 and (c) 50 in the RC building. Figure 4-13 shows the stress 
variation in concrete with time in the RC column A which caused the creep and 
elastic deformations in these columns. In this study the RC columns considered, 
developed a maximum creep coefficient of 1.09 as opposed to 0.75 of CFT columns 
given before. This is comparable with the experimental observations of Baidya et al. 
(Baidya et al. 2010) who obtained a maximum of 1-1.2 for 105 MPa concrete 
cylinders exposed to the environment. Moreover, the maximum shrinkage strain 
obtained from EC2 for the columns in the RC building was 346 micro strains, which 
is agreeable with the data available in the literature (Uy 2001). Unlike in CFT 
columns as discussed in Section 4.3.1 where creep and shrinkage strain components 
are significantly lower due to their non-exposure to the environment, in RC columns 
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the creep and shrinkage are more prominent than the elastic strains as evident in 
Figure 4-12.  
 
(a) 
 
(b) 
 
 
(c) 
Figure 4-12 Variation of elastic, creep and shrinkage strains in Column A at levels (a) 10, (b) 30 and 
(c) 50 in the RC building 
 
 
Figure 4-13 Variation of stress in concrete in column A at different levels for RC building  
Due to the effect of this drying component in creep and shrinkage as also discussed 
in Section 4.3.1, the columns and shear walls in the RC building underwent higher 
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building are presented in Figure 4-14, where (a) is the axial shortening of Columns A 
and C and point B in Shear walls (see Figure 4-1) at each storey level of the building 
at 441 days (end of construction) and (b) same after 4500 days from start of 
construction. In the RC building, the highest axial shortening values for Column A 
and shear walls shifted from 44.9mm at level 31 and 31.76mm at floor level 34 to 
67.25mm at floor level 49 and 53.72mm at level 46 respectively, during the time 
period from end of construction (441 days) to 4500 days.  
 
(a) 
 
(b) 
Figure 4-14 Axial shortening of vertical load bearing elements (a) at the end of construction, (b) at 
4500 days from start of construction of the RC building 
Differential Axial shortening between the load bearing components of both buildings 
are presented in Figure 4-15 for comparison. Figure 4-15(a) is DAS between 
Columns A and C while Figure 4-15(b) is DAS between Column A and shear core 
which is linked to it by outrigger walls in the two buildings considered. In both the 
CFT and RC buildings, below floor level 41, the DAS between the gravity load 
bearing elements changed only marginally, during the period from end of 
construction till 4500 days. From floor level 41 upwards, where the effect of 
outrigger and belt system is not present, DAS between the Columns A and C 
increased with time with the maximum at of 5.53mm increasing to 6.83mm at floor 
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level 51 in the RC building. The DAS between Column A and Column C as well as 
between Column A and shear wall show similar trends to that of CFT building. 
However, the DAS between the shear core walls and Column A connected to it is 
always higher in the RC building than in the CFT counterpart along the height of the 
building, except at the top most 3 floor levels. This DAS between Column A and 
point B in the shear wall was 21.4% higher in the RC building than the CFT at the 
end of construction (441days) and increased up to 77.7% by the end of 4500 days at 
floor level 50. This comparison clearly shows the use of CFT for the high rise 
building has helped to reduce the DAS between the perimeter columns and the shear 
walls. However At the top most three levels in CFT building as noted in  Section 4.3, 
there is a possibility of developing high negative DAS by the end of 4500 days and 
therefore especial attention needs to be paid at these levels.  
Figure 4-15 Differential Axial shortening (a) between Columns A and C, (b) between Column A and 
shear wall at B  
4.5.2. Adverse effects of DAS in RC high buildings in comparison to CFT 
The axial force distribution along the height of the building for Column A of RC 
building is illustrated in Figure 4-16. Similar to the CFT building, due to the 
tendency of DAS between the Column A and shear wall to reduce with time, there 
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was a maximum increment of 4.8% in the axial loads in Column A of the RC 
building. This consequently resulted in a maximum decrease of 3.7% in the axial 
loads in shear walls in the RC building during the time period from end of 
construction till 4500 days.  
 
(a)                                                                                                                                                                           
 
(b) 
 
(c) 
Figure 4-16 Axial Force in (a) concrete core, (b) steel reinforcement and (c) total axial force of 
column A in RC building 
These percentage differences in axial loads in RC building with time are lower than 
those in the CFT building during this time period. This is because although the DAS 
in magnitude is always lower in CFT that RC, the change of DAS after construction 
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is higher than for the columns in the CFT building. This is a result of rapid 
development of long term deformations in CFT columns than in the RC columns. 
Consequently, the shear wall undergoing higher creep and shrinkage due to the 
drying at later times in CFT building led to higher tendency of DAS in CFT building. 
This DAS being controlled by outrigger in the lower 2/3 section of the building 
resulted in higher load migration from shear wall to the columns in this case for the 
CFT building than in the RC building. 
In contrast, in the top most floor levels from 42-60, which are not influenced by the 
outriggers, there is no load exchange between the columns and the shear wall. 
However there is a higher reduction in axial force in concrete and an increase in steel 
stresses in the RC building due to load migration at the individual element level from 
concrete to steel caused by creep and shrinkage. In the RC building there was a 
maximum decrease of 10.8 % in the concrete stress in column A which resulted in an 
increase of 19.08% in the axial force carried by the steel reinforcement.  
Finally, although the axial and bending stiffness of the columns are equal in both 
CFT and RC buildings, by the end of the 4500 days Column A in the CFT building, 
attracted up to 13.2% higher axial loads and shear walls attracted up to 5.4% lesser 
portion of the gravity loads than that in RC building. This is due to the differences in 
creep and shrinkage behaviour with drying which therefore caused the differences in 
DAS between the structural components in the two buildings. 
As a consequence of this load redistribution, the maximum horizontal stress 
(compressive) in the bottom outrigger in the RC case, increased from 2.76MPa to 
11.1MPa, an increment of 302% as evident in Figure 4-17 (a) and (b). Figure 4-17 
(a) and (b) show the horizontal stresses in the bottom outrigger while (c) and (d) 
present the same for the bottom belt. The maximum transverse shear stresses also 
increased during this time from removal of formwork of outrigger till end of 4500 
days, by 391% for RC rising from 1.5MPa to 7.36MPa. The horizontal and shear 
stresses developed in the outrigger belt system in the RC building are tabulated in 
Table 4-5 and Table 4-6 respectively. As shown in these tables, the increment of 
outrigger stresses was always higher for the RC building, with the DAS between 
Column A and shear wall below the two outrigger levels being higher for RC 
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building than that in CFT as discussed in Section 4.3.  
Figure 4-17 XX stresses (a) at the end of outrigger construction (b) at 4500 days in the bottom 
outrigger in RC building (c) and (d) same for RC building in kN/m2 
Similar behaviour was observed for the top outrigger in both buildings. As shown in 
Figure 4-17, the bottom belt in both CFT and RC buildings was under similar 
horizontal direct stresses of 1.19 and 1.26MPa respectively, just after the removal of 
belt and outrigger form work. At 4500 days, these stresses increased by 192.8% and 
194.6% up to 3.49 and 3.7MPa. Unlike in the outrigger system, since the DAS 
between Columns A and C in both buildings below the considered belt level were 
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similar in magnitude, the belt stresses increased by similar percentages. 
 
Table 4-5 Horizontal (XX) stresses in the outrigger belt system in kN/m2 in the RC building 
  Bottom 
outrigger 
Bottom 
belt 
Top 
outrigger 
Top belt 
End of outrigger 
construction 
min 
max 
-2545.29 
2757.34 
-1388.12 
1255.93 
-2445.53 
2539.42 
-1381.87 
1233.62 
4500 days min 
max 
-6002.62 
11068.7 
-5058.75 
3704.69 
-6807.97 
12928.3 
-6056.03 
3595.93 
 
Table 4-6 Shear (XY) stresses in the outrigger belt system in kN/m2 in the RC building 
  Bottom 
outrigger 
Bottom 
belt 
Top 
outrigger 
Top belt 
End of outrigger 
construction  
min 
max 
275.67 
1500.18 
-440.59 
788.57 
310.89 
1616.76 
-379.11 
732.02 
4500 days min 
max 
-1315.81 
7363.5 
-2335.09 
2952.64 
-256.79 
7734.29 
-2111.07 
2662.42 
The use of CFT instead of RC columns in this high rise building lead to lesser DAS 
and therefore lower transfer stresses in outrigger and belt systems. However a higher 
percentage of gravity loads are attracted by Columns in the CFT building with time 
and this has to be taken in to consideration in the design. These observations are for 
this particular high rise building and may be case specific, for different designs the 
developed procedure can be conveniently used to make design decisions. 
4.6. Summary 
Use of composite CFT columns as gravity load bearing structural components in 
high rise buildings is becoming increasingly popular. It is important to understand 
their axial shortening behaviour for safety and to avoid serviceability failures in high 
rise buildings such as cracking of slabs and partitions, damage to plumbing and lift 
guide rails etc. Yet a holistic approach is not available for DAS quantification in high 
rise buildings constructed with composite CFT columns where all the influencing 
parameters are considered in detail. This study developed and applied a 
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comprehensive procedure to predict the DAS between the perimeter columns and the 
other columns or the shear walls in CFT buildings. The effects of reinforcement, time 
dependent material properties, construction sequence with concrete levelling effects 
and interaction of outrigger and belt system with the structural frame were 
considered.  
The procedure was illustrated through its application to evaluate the DAS in a 60 
storey high rise building with composite CFT columns as main vertical load bearing 
structural members. Outcomes of this research show that the maximum DAS which 
occurs at mid height of the building by the end of construction can shift to the upper 
floor levels due to long term deformations resulting from creep and shrinkage effects. 
The DAS of the vertical load bearing structural components is considerably reduced 
at the outrigger floor levels. But, the DAS  between the load bearing elements 
resulted in a 2-4 times increment in outrigger and belt stresses, an increment of 
10.7% in the total axial load carried by perimeter columns and a maximum increment 
of 37.98% in beam bending moments. This highlights the necessity of considering 
the effects of DAS and quantifying them accurately for safer design. 
The proposed method was applied to a similar RC high rise building, and the results 
were compared with those from the CFT building. The components in the RC 
building underwent higher DAS than in the CFT counterparts with a maximum of 
77.7% by the end of 4500 days. Higher transfer stresses developed in the outrigger 
systems of the RC building. Axial loads in Column A and the shear wall in the RC 
building were 13.2% less and 5.4% more than those in the CFT building. Overall, the 
adverse effects of DAS are less in a building constructed with CFT columns.  
The proposed procedure can be conveniently used by practicing engineers to estimate 
the DAS in a CFT building, and the effects on the structural performance of the 
building such as the expected axial force redistribution in columns and shear walls, 
transfer stresses in the outrigger and belt systems and additional moments generated 
in horizontal elements such as beams and slabs. This information will be useful in 
providing a safe and efficient design of high rise buildings with composite CFT 
columns. 
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CHAPTER 5 
5. Interaction of Outrigger and Belt System with Structural Frame in High 
Rise Buildings with CFT Columns undergoing DAS 
5.1. Introduction 
The structural framing systems in high rise buildings, with either reinforced concrete 
(RC) or CFT columns are commonly coupled with reinforced concrete outrigger and 
belt systems for lateral load transfer due to wind and other extreme events (Yi and 
Tong 2007). Few examples of these buildings are the world’s tallest building, Burj 
Khalifa in Dubai, 140 William Street, Melbourne and Waterfront place, Brisbane in 
Australia. Outrigger and belt system offers a unique combination of architectural 
flexibility and structural efficiency compared to tubular systems. The belt trusses tie 
the peripheral columns of the building while the outriggers connect them with the 
shear wall system and thereby improving the building overturning stiffness and 
strength (Fawzia and Fatima 2010).  
Generally, the critical load actions for outrigger and belt system design is obtained 
by conducting static elastic analysis with the factored combinations of dead, live and 
wind loads acting on the high rise building. These analyses do not consider the 
effects of differential shortening accurately. When axial shortenings of vertical 
elements occur due to time dependent phenomena of creep, shrinkage and elastic 
deformations, the outrigger and belt systems that link the core system to the column 
are displaced by differential movements which can result in high transfer stresses in 
the lateral resistance system. In some cases these transfer forces are believed to 
amount up to the forces generated by the applied design lateral loads (Choi et al. 
2012). On the other hand it is important to consider this interaction in differential 
axial shortening quantifications in a high rise building as this can change the AS 
behaviour of the columns and shear walls considerably. The most common method 
currently used for this purpose is the post processing of axial shortening results 
obtained by staged elastic static analysis to include the long term effects of creep and 
shrinkage. In this method the interaction of belt and outrigger system is considered 
only for the elastic deformations and the consequences of these simplifications has to 
be further investigated. 
Chapter 5 
  
5-2 
 
The stiffness of outrigger and belt, location of outrigger and belt system and time of 
connection of outrigger to perimeter column if delayed connection method is 
employed, significantly affect the interaction of this system with vertical elements 
undergoing DAS as well as the transfer stresses developed in the outrigger and belt 
walls due to this interaction. This study investigates the effects of the latter two 
factors in CFT buildings which are not so apparent. The knowledge generated  will 
provide engineers some guidance on the following: (i) feasibility of changing and 
delaying the entire construction cycle times, (ii) using delayed connection of 
outrigger belt systems and planning connection times considering the risk of adverse 
lateral loading events that could occur during construction and (iii) determining the 
need for or effectiveness of detailed control measures such as sliding friction joints at 
the intersection of the walls as used in the Water Front Place Brisbane, Australia or 
damped outriggers developed by ARUP (Choi et al. 2012) or design the outrigger 
and belt systems to the combined effects of lateral loads and differential axial 
shortening while designing the structural frame system for possible load 
redistributions. 
This chapter presents a numerical study on the effects of the interaction of outrigger 
and belt systems with the structural gravity load bearing components undergoing 
DAS in a CFT high rise building. Firstly, the DAS behaviour of a CFT building with 
and without outrigger and belt systems is studied. Thereafter, the predictions of DAS 
given by different analysis methods currently used to incorporate the outrigger and 
belt effects are investigated. Next, the effects of the location of outrigger and belt 
systems are investigated by comparing the DAS predictions for different outrigger 
locations and the effect of this DAS on the outrigger systems is analysed. In the 
current practice delayed connections are used in high rise construction to mitigate 
high transfer stresses due to DAS effects. The effects of different connection times of 
outrigger to the perimeter columns are hence studied. Finally, general guidance and 
conclusions are given for the design of outrigger and belt systems in these buildings. 
This will enable to select suitable mitigation strategies for the specific cases of 
design of high rise buildings. 
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5.2. Effect of belt and outrigger system on DAS in a building with CFT columns 
When outrigger and belt systems are present, a high rise building becomes a very 
dynamic system in terms of load paths and load redistributions as DASs between 
structural frame elements take place. The behaviour of the 60 storey CFT building 
considered previously in Chapter 4 is compared with similar buildings having   
outrigger walls but no belt system and without both belt and outrigger systems to 
investigate the effects of belt and outrigger systems on DAS development in a high 
rise building with CFT columns. This building model used for Case 1 comprises of a 
reinforced concrete core shear wall system and a belt and outrigger system located at 
levels 19-21 and 39-41. In Case 2, the same high rise building with only outrigger 
walls and no belt was considered. Case 3 in this study is for the same high rise 
without the belt and outrigger system. The FE models of the buildings for all three 
cases are shown in Figure 5-2 and the building layout for Case 1 is given in Figure 
5-2. The columns and outrigger and belt system are of 80MPa concrete (mean 
compressive strength at 28 days based on cylinder strength), while 65MPa concrete 
was used for the walls and 40MPa concrete for the floor plates (thickness =200mm). 
Sizes of the structural components, material properties, building geometry, loading 
and the construction details are similar to those described in Section 4.2. The 
columns and beams have been modelled using BEAM188 elements while the shear 
core walls, slabs and the outrigger-belt system have been modelled using SHELL181 
elements in ANSYS V15.0. 
The axial shortenings of Columns A and C and shear wall at point B (see Figure 5-2) 
at the end of construction and at 4500 days after start of construction for all three 
cases are presented in Figure 5-3 to Figure 5-5 for comparison. The Axial 
Shortenings of these structural components in Case 1 are similar in magnitudes at the 
outrigger and belt levels 19-21 and 39-41 as discussed in Section 4.2.2 due to the 
effect of these stiff horizontal elements as evident in Figure 5-3. 
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Figure 5-1 FE models of high rise building for different cases (a) Case 1- with outrigger and belt 
system (b) Case 2- with only outrigger walls (c) Case 3- without outrigger or belt systems 
     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-2 High rise building lay out for Case 1 
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(a) 
 
(b) 
Figure 5-3 Axial shortening of vertical load bearing elements (a) at the end of construction, (b) at 
4500 days from start of construction for Case 1 
 
 
(a) 
 
 
(b) 
 
Figure 5-4 Axial shortening of vertical load bearing elements (a) at the end of construction, (b) at 
4500 days from start of construction for Case 2 
In Case 2, the AS of Column C is higher than that of Column A and shear wall at B 
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at every floor level at the end of construction as evident in Figure 5-4 (a) which is the 
opposite of what was observed for Case 1. Both Column A and Shear wall B have 
similar AS values at the bottom and top outrigger levels due to the mitigation of DAS 
in the connected elements by the outrigger. The reason for Column A having lesser 
AS compared to Column C is due the load transfer occurring from Column A 
through the outrigger into the shear wall during this time up to end of construction 
and therefore Column C which is not connected to outrigger is under higher Axial 
loads than Column A. However, after construction, the rate of AS development in 
shear wall overtakes that of Column A due to the CFT undergoing lower creep and 
shrinkage strains that develop rapidly than the RC walls as discussed in Section 4.5.1 
previously. Therefore the difference in AS between the columns reduces as evident 
in Figure 5-4 (b) showing AS values of all three components at the end of 4500 days 
(after start of construction). In this case, Column C undergoes a maximum of 25% 
higher AS at the end of construction and 7% higher AS by the end of 4500 days than 
that in Case 1.   
In Case 3, due to the absence of any rigid horizontal elements connecting these two 
columns and the shear wall, there is no load migration with time. Therefore, the 
columns having higher tributary areas than the shear walls undergo higher AS as 
shown in Figure 5-5. However, by 4500 days (from start of construction) the shear 
walls undergo AS at a higher rate than the columns and the gap between the AS of 
columns and shear wall has reduced as evident in Figure 5-5 (b). The shear wall 
undergoes high AS than the column at the top 3 storeys by 4500 days similar to the 
other two cases. In this case, Columns A and C have 77% and 68% higher axial 
shortenings respectively by the end of construction than those in Case1. The shear 
walls on the other hand have experienced maximum reductions of 21% AS at the end 
of construction and 5% AS by the end of 4500 days, respectively compared to those 
experienced in Case 1.  
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(a) 
 
(b) 
Figure 5-5 Axial shortening of vertical load bearing elements (a) at the end of construction, (b) at 
4500 days from start of construction for Case 3 
The DASs between the columns A and C as well as between Column A and the shear 
wall at point B are given in Figure 5-6 and Figure 5-7 for all three cases. As 
indicated in Figure 5-6 the DAS between Columns A and C is highest for Case 2 
with a maximum of 18.14mm at floor level 41 by the end of construction. This is due 
to the load migration only occurring between Column A and shear wall through the 
outrigger walls and therefore resulting in higher AS in Column C which is not 
connected by any walls to the other load bearing elements. In Case 1 where the 
outrigger-belt system was incorporated in the building had the lowest DAS between 
the two columns. The DAS between Column A and shear wall on the other hand was 
a maximum for Case 3 with a value of 19.33mm at floor level 34 due to the absence 
of the outrigger-belt system at the end of construction. The other two cases had 
similar DAS between Column A and shear wall since both cases have outriggers 
connecting these elements. Similar trends are observed for these DAS values at the 
end of 4500 days (from start of construction) as seen in Figure 5-7. 
Overall, the introduction of only outrigger walls without the belt system in a CFT 
high rise building reduces the DAS between the perimeter columns and the shear 
wall, but further aggravates the problem of DAS between the columns connected to 
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shear core and not connected to shear walls. The presence of outrigger-belt system 
significantly reduces the DAS between the vertical load bearing components as 
compared to those in a similar building without this structural system. The effect of 
this DAS control on the outrigger and belt system can be quantified using the method 
introduced in Chapter 4 and design decisions can be made regarding the feasibility of 
using the outrigger-belt system to control DAS in addition to its main purpose of 
lateral load resistance in a high rise building. 
Figure 5-6 Differential axial shortening (a) between Column A and C, (b) between Column A and 
shear wall at B at end of construction 
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Figure 5-7 Differential axial shortening (a) between Column A and C, (b) between Column A and 
shear wall at B at end of 4500 days 
5.3. Current analysis methods to incorporate interaction of outrigger-belt 
system with structural frame undergoing DAS 
The common method currently used by engineers to determine the DAS in a high 
rise building is to first conduct linear elastic static analysis with or without 
considering the construction sequence and then post processing these AS values to 
include creep and shrinkage deformations afterwards. On the other hand outrigger 
and belt system is designed for the moments and shear forces obtained by linear 
elastic analysis for the critical combination of static loading including load factors. 
Commonly, construction sequence is not considered in this analysis. Nowadays with 
construction of buildings taking place at a rapid phase, the DAS behaviour 
significantly depends on the construction sequence. Therefore this simplification of 
omitting the influence of construction sequence and concrete levelling in their 
modelling could end up in conservative or non-conservative designs both of which 
could have some cost in terms of money or safety. The consequences of these 
simplifications are investigated in this section.  
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5.3.1. DAS predictions using post processing of elastic deformations 
The post processing of elastic deformations to obtain the total AS of elements 
including creep and shrinkage effects was conducted as follows: 
The elastic strain in each column at time t for construction stage at time t0,  
𝜖𝜖𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸(𝑡𝑡, 𝑡𝑡0) at each time step can be obtained from the time history analysis with 
construction sequence modelling in ANSYS. The total strain in these elements at any 
given time can be written as, 
𝜀𝜀𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝐸𝐸(𝑡𝑡, 𝑡𝑡0) = 𝜀𝜀𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸(𝑡𝑡, 𝑡𝑡0) + 𝜀𝜀𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(𝑡𝑡, 𝑡𝑡0) + 𝜀𝜀𝑆𝑆ℎ𝐶𝐶𝐸𝐸𝑟𝑟𝑟𝑟𝐸𝐸𝑟𝑟𝐶𝐶(𝑡𝑡)                         Equation 5-1 
Where;   𝜀𝜀𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝐸𝐸(𝑡𝑡, 𝑡𝑡0), 𝜀𝜀𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸(𝑡𝑡, 𝑡𝑡0), 𝜀𝜀𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(𝑡𝑡, 𝑡𝑡0) and 𝜀𝜀𝑆𝑆ℎ𝐶𝐶𝐸𝐸𝑟𝑟𝑟𝑟𝐸𝐸𝑟𝑟𝐶𝐶(𝑡𝑡) are total, elastic, 
creep and shrinkage strains respectively for an element. 
These strains at any given time due to elastic, creep and shrinkage using relevant 
expressions in EC2 and Age adjusted effective modulus method is given in Equation 
5-2. 
𝜀𝜀𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝐸𝐸(𝑡𝑡, 𝑡𝑡0) = 𝜎𝜎(𝑡𝑡)Ee����(t,t0) + ( )tcdε + ( )tcaε                                                                  Equation 5-2 
 
Where; 𝜎𝜎 is the axially developed stress, 𝐸𝐸𝐶𝐶���(𝑡𝑡, 𝑡𝑡0) is the age adjusted effective 
modulus as defined in Equations 3-3 to 3-6, ( )tcdε  is the drying shrinkage as defined 
in Equation 3-9 while ( )tcaε  is the autogenous shrinkage given in Equation 3-10. 
The axial stress is obtained from  𝜎𝜎 = 𝐸𝐸(𝑡𝑡)𝑇𝑇 . 𝜀𝜀 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸(𝑡𝑡, 𝑡𝑡0)                       Equation 5-3 
The cumulative elastic, creep and shrinkage shortening of a single element can be 
written as:  
∆ℎ(𝑡𝑡𝑟𝑟) = 𝐿𝐿 𝜀𝜀𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝐸𝐸(𝑡𝑡, 𝑡𝑡0)0                                                                                          Equation 5-4 
Where; L is the length of the element considered.  
All the elements below a considered level, affect the axial shortening of that 
particular level (n) relative to the foundation. The cumulative elastic, creep and 
shrinkage shortening of a column or shear wall on level (n) due to all elements below 
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that level can be calculated using Equation 5-5 below. 
𝐻𝐻(𝑡𝑡𝑟𝑟) = ∑ ∆ℎ𝑗𝑗(𝑡𝑡𝑟𝑟)𝑟𝑟𝑗𝑗=1                                                                                                Equation 5-5 
Equation 5-5 represents the axial shortening, 𝐻𝐻(𝑡𝑡𝑟𝑟) of the element at the time, 𝑡𝑡𝑟𝑟. 
The FORTRAN code developed to implement this post processing calculation for 
CFT columns is given in APPENDIX B for further reference. 
For the comparison of this simplified method with the comprehensive modelling of 
DAS two cases are investigated. Case 1 gives results of AS of the load bearing 
elements in the high rise building in Section 4.2 obtained by using the techniques 
developed in Chapter 4. Case 2 is the AS and DAS of the same building obtained by 
post processing the results of linear elastic analysis which included construction 
sequence. Same material properties and creep calculation methods used in Chapter 4 
are used in the post processing method as shown in Equation 5-1 to 5-5. The only 
difference in these two methods is that in Method 2, the load redistribution and 
therefore the DAS balancing by outriggers is not considered for the creep and 
shrinkage deformations due to the post processing of elastic deformations to include 
creep and shrinkage. 
The AS values at each floor level for Columns A and C obtained by the two methods 
are given in Figure 5-8 and Figure 5-9. The former gives the AS values at the end of 
construction and the latter shows these values at the end of 4500 days. As evident in 
Figure 5-8, the method in Case 2 predicts a maximum AS of 52.76mm for Column A 
and 49.16mm for Column C at the end of construction (441 days). Maximum AS 
values in Case 1 are 42.16mm for Column A and 39.47mm for Column C. Therefore, 
the simplified method of post processing the elastic deformations resulted in a 
maximum differences of 25% and 20% in the AS predictions of Columns A and C 
respectively. This overestimation in the AS predictions in Case 2 is due to omitting 
the load migration occurring from columns in to the shear walls due to DAS resulting 
from creep and shrinkage. However, as evident in Figure 5-9, by the end of 4500 
days this difference is reduced due to the reverse of load migration occurring when 
the AS increment rate in shear walls overtakes that of the columns and these effects 
being considered in Case 1. However, in different designs, where this load migration 
reversal may not be present, the post processing method can lead to higher 
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overestimations of AS with time for CFT columns which will be uneconomical. 
 
Figure 5-8 Axial shortening in high rise building at the end of construction using both methods 
 
 
Figure 5-9 Axial shortening in high rise building by the end of 4500 days using both methods 
The DASs between the structural frame components are given in Figure 5-10 and 
Figure 5-11. As depicted in Figure 5-10, the DAS between Columns A and C 
predicted by both methods is similar in magnitude at the end of building construction 
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(441 days). However, at the end of 4500 days Case 2 using the post processing 
method under-estimates the DAS at level 51 by 50% and indicates a negative value 
for the DAS at level 60 opposed to that of 4mm in Case 1. Similar trends are 
obtained for the DAS between Column A and Shear wall as shown in Figure 5-11. 
Here, the DAS at the end of construction was underestimated by a maximum of 55% 
and at the end of 4500 days and by a maximum of 71% when the method in Case 2 
was used. 
 
Figure 5-10 DAS between Column A and C using both methods 
 
Figure 5-11 DAS between Column A and shear wall at point B using both methods 
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Overall, it is evident from these results that very high deviations of predicted AS and 
DAS values are present between the post processing method and the actual behaviour 
of the high rise building modelled using the comprehensive technique in Chapter 4. 
This is due to the simplified method not considering the dynamic nature of the load 
paths and load distributions introduced in the CFT building due to long term 
deformations of creep and shrinkage. Thus, these simplifications can end up in 
conservative or non-conservative designs both of which are not desirable as they can 
cost money or safety.  
5.3.2. Linear elastic analysis for design of outrigger-belt system    
An outrigger and belt system is usually designed for the moments and shear forces 
obtained by linear elastic analysis for the critical factored combination of static 
loading. Commonly, construction sequence is not considered in this analysis. To 
investigate the accuracy of this design method, the effects of different analyses 
methods on the stresses developed in outrigger and belt system are investigated. In 
Method 1, the outrigger and belt stresses are obtained using the technique developed 
in Chapter 4 without factoring the loads. Methods 2 and 3 are usual linear elastic 
analysis methods of the structure in which dead and live loads with factors of 1.2 and 
1.5 respectively are applied to the high rise building. In Method 2, the effect of 
construction sequence is incorporated while Method 3 is without the construction 
sequence modelling. 
Figure 5-12 and Figure 5-13 depict the XX direction stresses (mainly bending) in 
bottom and top outriggers respectively obtained by the three methods. In Figures 5-
12 and 5-13, (a), (b) and (c) present these results from Methods 1, 2 and 3 
respectively. These results are further summarised for better understanding and 
comparison together with stresses in the belt walls in Table 5-1 and Table 5-2. Table 
5-1summarises the XX direction stresses obtained by Method 1 and Method 2 at the 
end of outrigger-belt construction time and Table 5-2 shows the same components 
obtained by all three methods at the end of 4500 days. Table 5-3 and Table 5-4 
tabulate the XY directional stresses (shear) in the outrigger-belt system at the end of 
the outrigger-belt construction and after 4500 days.  
Chapter 5 
  
5-15 
 
 
 
(a) 
 
 
(b) 
 
 
 (c) 
Figure 5-12 XX directional (bending mainly) stresses in the bottom outrigger at the end of 4500 days 
for (a) Method 1 (b) Method 2 and (c) Method 3 in kN/m2 
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(a) 
 
 
(b) 
 
 
(c) 
Figure 5-13 XX directional (bending mainly)  in the top outrigger at the end of 4500 days for (a) 
Method 1 (b) Method 2 and (c) Method 3 in kN/m2 
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Table 5-1 XX directional stresses in the outrigger and belt walls at the end of their construction 
 
 
Bottom 
outrigger 
Bottom 
belt 
Top 
outrigger 
Top belt 
Method 1 Compression 
Tension 
-2441.7 
2652.3 
-1336.9 
1193.9 
-2346.2 
2441.8 
-1332.8 
1172.9 
Method 2 Compression 
Tension 
-1917.3 
1988.0 
-847.5 
872.5 
-2184.8 
2178.8 
-1043.8 
1087.8 
 
Table 5-2 XX directional stresses in the outrigger and belt walls at the end of 4500 days 
 
 
Bottom 
outrigger 
Bottom 
belt 
Top 
outrigger 
Top belt 
Method 1 Compression 
Tension 
-4998.0 
10010.9 
-4499.5 
3492.6 
-5292.8 
11358.3 
-5081.4 
2809.4 
Method 2 Compression 
Tension 
-6455.3 
7154.4 
-2731.0 
3306.2 
-8668.5 
8898.0 
-3921.1 
4551.7 
Method 3 Compression 
Tension 
-6251.8 
6814.7 
-2300.8 
2975.8 
-12031.1 
12200.4 
-5651.3 
6316.1 
 
Table 5-1 shows that Method 2 always gives lower values for the XX stresses in the 
outrigger-belt system just after construction of these elements. This is because of 
neglecting the DAS due to creep and shrinkage at the time of construction when 
estimating these stresses in Method 2. As evident in Table 5-2, for bottom outrigger 
and belt walls both Methods 2 and 3 can result in underestimations of outrigger and 
belt stresses since the long term effects and the interaction of outrigger-belt system 
with these deformations are not accurately considered. This can lead to unsafe 
designs in cases where the critical load combinations are dead and live load as 
considered in this study. However, since Method 3 does not consider the concrete 
levelling effects and therefore overestimates the AS of the column and shear wall 
components which accumulate over the height, conservative results are observed for 
the top belt and outrigger walls in this CFT building. This is conflicting with the 
trends observed using Method 1, which uses accurate prediction of DAS considering 
all influencing factors. In this case a significant variation of stresses in the two 
outriggers and belt levels was not observed. As evident in Table 5-4, the XY stresses 
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(shear) in both the outrigger and belt walls are underestimated by Methods 2 and 3 
even with the load factors considered.  
Table 5-3 XY stresses in the outrigger and belt walls at the end of their construction in kN/m2 
 Bottom 
outrigger 
Bottom 
belt 
Top 
outrigger 
Top belt 
Method 1 1459.6 789.6 1574.0 734.4 
Method 2 1237.6 463.4 1533.5 536.7 
 
Table 5-4 XY stresses in the outrigger and belt walls at the end of 4500 days in kN/m2 
 Bottom 
outrigger 
Bottom 
belt 
Top 
outrigger 
Top belt 
Method 1 6852.7 2818.8 7017.8 2410.2 
Method 2 4714.7 2111.4 5309.4 1993.0 
Method 3 4793.4 1612.8 6942.6 1872.2 
Overall, due to the errors in predicted deformations of vertical supports of outrigger 
and belt systems when using the linear elastic analysis methods with (Method 2) or 
without (Method 3) considering construction sequence and concrete levelling, 
bottom outrigger stresses can be underestimated leading to unsafe designs. Method 3 
which is the linear elastic one step analysis can lead to over conservative designs of 
top outrigger and belt walls. These demonstrate the impact of Case 1 where all 
influencing factors are considered along with the interaction of outrigger-belt system 
with the structural frame for DAS predictions in a high rise building with CFT 
columns. DAS predictions otherwise may lead to costly or unsafe designs. 
5.4. Effect of delayed connection of outrigger to perimeter columns 
Delayed connection of outrigger to the perimeter columns is a common method used 
in high rise construction to mitigate the high transfer stresses developed in outrigger 
and belt systems due to DAS in the structural frame elements. However, this method 
also imposes a risk on the structure since adverse lateral loading incidents can occur 
during construction of the building. It is therefore recommended to select the 
minimum delay for the connection time which also results in an acceptable stress 
level in the outrigger-belt system due to the DAS of support elements taking place 
Chapter 5 
  
5-19 
 
after the outrigger connection. Another alternative is to design the outrigger-belt 
system for the combination of this stress increment due to DAS and the lateral load 
resistance requirements. For both these options it is essential to investigate how the 
stresses in the outrigger system vary with different delayed connection times. A 
parametric study for this purpose is conducted in this section using the techniques 
developed in Chapter 4. 
Five cases of delayed connection are considered here. In Case 1, the connection of 
outrigger to columns is established at the time of construction of these elements. 
Case 6 is for connection of both top and bottom outriggers to the perimeter columns 
after building top up (end of construction). Cases 2, 3, 4 and 5 respectively are for 
connection time delays of 14, 21, 28 and 35 days after the construction of each belt 
and outrigger level. To disconnect the outrigger from the perimeter columns in the 
FE model, the elements at that joint are deactivated using ‘EKILL’ command in 
ANSYS and activated at the corresponding delayed time using ‘EALIVE’ command. 
Further details of these commands are provided in Section 3.2.3. 
Table 5-5 presents the maximum compression (denoted ‘min’ in table) and tension 
(denoted ‘max’ in table) stresses in XX direction (bending) developed in the two 
outriggers for the 5 different cases of delayed connections together with the no delay 
in connection case. Table 5-6 presents the maximum XY directional stresses (shear) 
developed in these two outriggers for the different delayed times. In both outriggers 
the XX directional stresses and XY directional stresses reduce with increasing delay 
time for establishing the connection between outrigger and the perimeter columns. 
As shown in Table 5-5, there is a decrease of 20% in maximum compressive stress 
and of 6% in maximum tensile stress in XX direction for top outrigger from Case 1 
to Case 6 for the CFT building considered in this Section. Also there is a 15% 
decrease in the shear (XY directional) stresses for this outrigger from no delay in 
connection (Case 1) to Case 6 where both outriggers are connected to the columns 
only at the end of construction as evident in Table 5-6. Similar trends are present for 
the stresses in bottom outrigger walls for these delayed connection cases.  
Figure 5-14 and Figure 5-15 present these variations of stresses with the different 
delayed connection time cases considered. Figure 5-14 depicts the stress variation in 
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the bottom outrigger where (a) is the maximum Compressive stress in XX direction, 
(b) the tensile stress in XX direction and (c) is the shear stress (XY) of these 
outrigger walls. Similarly Figure 5-15 is the stresses developed in the top outrigger. 
As shown in both these figures, the maximum stresses significantly reduce for the 
delay time of 14 days due to the rapid creep and shrinkage developments experienced 
in CFT elements. Thereafter the change in stresses with the increase in delay of 
outrigger connection results in minor decrease. From Case 5 to Case 6 although there 
is a steep gradient in these graphs, these changes occur during a longer time span 
than the other cases since Case 6 is the case of connecting both outriggers at the end 
of construction. Therefore, for this type of CFT buildings a connection delay of two 
weeks may reduce the stresses developed in outrigger walls by about 15-20%. 
This delay in outrigger connection however does not lead to any significant 
increments in AS of the columns and shear walls as evident in Figure 5-16 where AS 
for each of these cases overlap.  Figure 5-16 (a) depicts the AS of Column A at the 
end of 4500 days for all the outrigger delayed connection cases and (b) depicts the 
AS of shear wall. Similar observations were made for the AS of Column C. 
Overall, a small delay from the time of construction of these systems to the 
connection of these outrigger walls to the perimeter columns can result in significant 
reductions in the stresses developed in the outrigger-belt system due to DAS. Thus 
delaying the connection of outrigger by a long time may not be necessary. Sensitivity 
analysis such as conducted here can be used to determine the optimum connection 
time of the outrigger to the perimeter columns. 
Table 5-5 XX directional stresses (bending) in the Outrigger1 in kN/m2 for delayed connections 
 Bottom outrigger Top outrigger 
 min max min max 
Case 1 -4998.0 10010.9 -5292.8 11358.3 
Case 2 -4074.5 9869.3 -4420.4 10874.9 
Case 3 -4067.8 9863.3 -4408.0 10862.5 
Case 4 -4060.9 9856.5 -4395.2 10849.6 
Case 5 -4054.1 9850.6 -4382.5 10836.8 
Case 6 -3933.6 9743.8 -4220.7 10674.0 
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Table 5-6 Maximum shear (XY) stresses in the Outrigger1 in kN/m2 for delayed connections 
 Bottom outrigger Top outrigger 
Case 1 6852.7 7017.8 
Case 2 5716.1 6063.0 
Case 3 5712.5 6056.5 
Case 4 5709.0 6050.0 
Case 5 5705.5 6043.6 
Case 6 5643.7 5962.6 
 
 
(a) 
 
(b) 
 
(c) 
Figure 5-14 Maximum (a) Compressive stress in XX direction (b) tensile stress in XX direction and 
(c) shear stress (XY) in bottom outrigger 
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(a) 
 
(b) 
 
(c) 
Figure 5-15 Maximum (a) Compressive stress in XX direction (b) tensile stress in XX direction and 
(c) shear stress (XY) in top outrigger 
 
 
(a) 
 
(b) 
Figure 5-16 AS of (a) Column A and (b) Shear wall at B for different delayed connection cases 
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5.5. Effect of outrigger belt location on DAS in a high rise building 
The location of the outrigger and belt systems is generally decided by optimization 
methods considering lateral loading including wind and earthquakes. Generally when 
two outriggers are used, the optimum locations are one third and two third heights in 
a high rise building. These locations are changed up to ±8% along the height of the 
building to investigate the effect of outrigger-belt location on the DAS behaviour in a 
CFT building. This can be used to understand the feasibility of using outrigger and 
belt system to control the DAS by slight modification of its location. Table 5-7 below 
tabulates the different cases of location of outrigger-belt system considered.  
Table 5-7 Different Outrigger-belt Locations considered  
 
Change in 
floor levels Bottom outrigger floor levels Top outrigger floor levels 
Case0 Original 20,21 40,41 
Case1 +1 21,22 41,42 
Case2 +2 22,23 42,43 
Case3 +3 23,24 43,44 
Case4 +5 25,26 45,46 
Case5 -1 19,20 39,40 
Case6 -2 18,19 38,39 
Case7 -3 17,18 37,38 
Case8 -5 15,16 35,36 
 
Figure 5-17 and Figure 5-18 below depict the DAS between the Columns A and C 
and between Column A and Shear wall when both outrigger levels are moved up 
from their position of 1/3 and 2/3 height in the original building. Moving the 
outrigger-belt system up the building height in this case results in an increase in both 
these DAS values below the bottom outrigger level and a reduction in these DAS 
values above the top outrigger level. No significant change in the DAS in the section 
between the two outriggers was observed. However, the floor level of maximum 
DAS in all three of these sections moved up the building with this change in 
outrigger-belt location up the building height. Therefore, the location of outrigger 
which results in the minimum DAS values is the building is the one which balances 
the DAS in the top and bottom most sections. But if the dominant DAS value is in 
the mid-section there can be few locations that are acceptable in terms of DAS. In 
this building, Case 3 where the outrigger is moved up by three floors from their 
original positions is the best candidate. This case results in a decrease of 25% in the 
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maximum DAS value in the building. 
 
Figure 5-17 DAS between Columns A and C when outrigger-belt system is moved up the building 
 
 
Figure 5-18 DAS between Columns A and Shear wall when outrigger-belt system is moved up the 
building 
Similarly, Figure 5-19 and Figure 5-20 depict these DAS values in the building when 
both outrigger-belt levels are moved down the height of the building. As evident in 
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these figures, for this building the DAS values move further away from the balanced 
state of the DAS values in the top most and bottom most sections. Therefore, these 
cases are not the the best locations in terms of DAS control. 
 
Figure 5-19 DAS between Columns A and C when outrigger-belt system is moved down the building 
 
Figure 5-20 DAS between Columns A and shear wall for outrigger-belt system moved down building 
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In general, a change of ±8% in the location of the outrigger-belt system can result in 
about 25% change in the maximum DAS values. This indicates the possibility of 
using the location of outrigger-belt system to reduce DAS. However with the priority 
given to lateral load resistance, this change required for DAS control should be 
checked with the acceptable variation from the optimum location for lateral loading. 
Also the outrigger stresses due to this control have to be quantified and these 
elements should be designed for these additional stresses. In some instances this will 
be a better solution than those in which the whole of the construction cycle time is 
changed or complicated joints and mechanisms are introduced at outrigger 
connections. 
5.6. Summary 
In this phase of the research, the developed and validated FE models were 
successfully extended to study the effects of different parameters that could influence 
the DAS behaviour in high rise buildings. It was found the outrigger-belt systems 
significantly reduce the DAS in high rise buildings, and hence they can be used as a 
mechanism to control/supress DAS in high rise buildings.  
Significant differences were observed between the DAS predictions using the post 
processing method and comprehensive modelling techniques developed in this study. 
Existing simplified approaches fail to account the load redistribution in the CFT 
building due to long term deformations and outrigger-belt interaction with the 
structural frame. The stresses in the outriggers are aggravated due to DAS and it is 
essential to consider these stresses in the design stage. Using linear elastic analysis 
methods without considering the long term effects can lead to non-conservative 
design of the bottom outriggers and uneconomical and conservative designs of top 
outriggers.  
A sensitivity analysis was conducted to investigate the effects of the connection time 
in delayed connection of outrigger-belt system to the perimeter columns and the 
location of outriggers on the stresses developed in the outrigger walls and their 
effects on the DAS. 
Overall, this phase has provided engineers some guidance on the effect of outrigger-
belt systems and their interaction on the DASs in high rise buildings with CFT 
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columns. This chapter has generated new knowledge on (i) feasibility of changing 
and delaying the entire construction cycle times, (ii) delayed connection of outrigger 
belt systems and planning connection times considering the risk of adverse lateral 
loading events that could occur during construction and (iii)  effectiveness of detailed 
control measures.  
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CHAPTER 6 
6. Updating Axial Shortening Predictions in High Rise Buildings with CFT Columns 
Using Vibration Characteristics  
6.1. Introduction 
Axial load applied on a structure leads to axial shortening of vertical load bearing elements. 
The predicted values of axial shortening in the CFT columns in a building at design stage can 
be different from the real values due to uncertainties in material properties, loading and 
environmental conditions. It is therefore necessary to update them at service stage of a 
building and during its operation. This chapter presents a method developed in the research 
work based on modal flexibility which in turn is based on the vibration characteristics of the 
building to update the axial shortening predictions during and after construction.  
The modal flexibility (MF) method is a well-established area in structural health monitoring 
and has been successfully used for damage detection of structures by many researchers 
(Wickramasinghe et al. 2015; Ni et al. 2008; Patjawit and Kanok-Nukulchai 2005). This 
method depends on the change in MF between an initial state of a structure and a subsequent 
(damaged) state. Similar to damage or deterioration in a structure which increases its 
flexibility, axial loads applied on a structure lead to an increase in the flexibility of the 
vertical load bearing structural components. This phenomenon is generally named as 
“Compression softening” and numerous studies have been conducted to understand this effect 
in individual elements using experimental and analytical techniques. Bokaian (1990) studied 
the effect of a constant axial force on natural frequencies and mode shapes of a beam, with 
different support conditions. His numerical study concluded that tensile axial force results in 
an increase in the natural frequency of vibration of a beam and compression conversely 
results in a decrease in the natural frequency. Similar observations were made by Banerjee 
(1999); Friberg (1985); Banerjee and Williams (1994). Kim et al. (2004) used this 
phenomenon of natural frequency change with axial force to investigate effects of prestress 
loss in beams analytically. Further in this study, an inverse-solution algorithm based on the 
relative change in the natural frequency was developed to predict prestress-loss. Others 
including Abraham et al. (1995) and Lu et al. (2008) investigated the direct problem of effect 
of prestress change on the vibration behaviour of beams.  
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Effects of axial deformations as well as axial forces on the vibration characteristics of 
building frames have been studied by Swaddiwudhipong et al. (2002). After carrying out free 
vibration analyses of the building frame under different axial load levels and deformations, it 
was observed that axial forces and axial deformations in vertical members of the frame 
resulted in a reduction of the stiffness of the building frame and consequently higher natural 
periods. These combined effects can potentially increase the natural periods of the building 
by up to 100%, depending on the height of the building and levels of axial forces in columns. 
The novel application of this compression softening phenomena for the inverse problem of 
predicting the axial shortening in a RC high rise building structure was first introduced by 
Moragaspitiya (2011). It used the parameter; Axial Shortening Index (ASI) calculated using 
an amplified version of the stiffness index of the column and shear wall elements in a high 
rise building. The flexibility values were first amplified by considering the reciprocals of the 
modal flexibility values and further amplified by taking their logarithmic values which were 
then used to define the stiffness index (Moragaspitiya 2011). Finally, this stiffness index was 
integrated by the elastic deformation of the columns to obtain the ASI database of the critical 
elements in a RC high rise building. This method can be further improved to make it simple 
and more user friendly than the original. 
This study developed a method based on the modal flexibility method to update axial 
shortening predictions in a CFT building using normalised values of flexibility difference 
between an initial unloaded and different loaded cases. In general, high rise buildings vibrate 
in bending and torsional modes. However, it is complex to measure torsional and coupled 
modes and commonly measured are the displacements in the orthogonal coordinate system. 
Therefore this study considers the component specific Normalised Flexibility Index (NFI) 
values instead of the NFI based on resultant modal displacements and the stiffness index. 
This thesis develops and applies component specific NFIs, which incorporate the lateral and 
vertical components of the mode shapes, to detect, locate and quantify the axial shortening of 
columns and shear walls.   
This chapter first, presents the background and theory on compression softening, modal 
flexibility method and derivation of mode shape component specific Normalised Flexibility 
Indexes (NFIs). Secondly, it describes the validation of the computational technique used to 
obtain the vibration parameters of structural elements. Three example cases are considered 
thereafter with gradually increasing complexity to understand the applicability of the 
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flexibility method to update the axial shortening predictions in CFT columns and shear walls 
in a high rise building. Finally, the normalised flexibility index method is applied to two high 
rise buildings, one with a symmetrical geometry and the other with an eccentric shear core 
which introduces geometric asymmetry to the structure. The vibration parameters were 
obtained considering the effects of construction sequence and the applied axial loading.  
6.2. Vibration analysis 
Axial compressive force applied on an element reduces its stiffness and this phenomenon is 
called “compression softening”. Due to this reduction in stiffness of an element, the natural 
frequency of vibration also reduces accordingly. The following expression for natural 
frequency of vibration for a beam and a plate simply supported at both ends are presented to 
show the effect of axial force on the frequency of vibration.  
 
 
 
 
                                   
      
                                   (a)                                                                        (b) 
Figure 6-1 Beam and plate with axial force under free vibration 
 
 
ωi
2 = EI
M
�
iπ
L
�
4
− �
iπ
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M
                                 Equation 6-1 
 
ωm,n2 = DM (α2 + β2)2 − α2 PM                                      Equation 6-2 
 
Where;   
ω - Natural frequency of vibration 
EI – Flexural rigidity of the element 
M - Mass of the beam (per unit length) or mass of plate (per unit area) 
P - Axial force in beam (N) or in-plane load in plate (N/m) 
P P 
P P 
P P 
a 
b 
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D - Bending stiffness of plate 
𝛼𝛼 = 𝑚𝑚𝑚𝑚
𝑎𝑎
  and  𝛽𝛽 = 𝑛𝑛𝑚𝑚
𝑏𝑏
  (m and n are the mode number) 
L is the length of beam and a, b are the dimensions of plate as shown in Figure 6-1. 
Similar to frequencies of vibration, the mode shapes of an axially loaded beam and of a plate 
with an in-plane force also vary with the axial force and the in-plane force respectively. 
Bokaian (1990) studied the free vibration of beams with different boundary conditions to 
understand the effect of axial force on mode shape and observed that the first few mode 
shapes vary with the axial force. The effect is greatest on the fundamental mode and rapidly 
decreases as the mode number increases. The following derivation of the modal vectors 
clearly indicates this relationship between the axial force and the modal displacements of a 
beam. 
The transverse vibration of a beam element subjected to a constant compression load P, is 
governed by the equation of motion (Timoshenko 1959);  
EI ∂4y(x,t)
∂x4
+ P ∂2y(x,t)
∂x2
+ ρA ∂2y(x,t)
∂t2
= 0                                                                    Equation 6-3                   
 
The solution of this fourth order homogenous differential equation can be written using two 
parameters to represent the influence of space x (location) deflection and time t as follows. y(x, t) = y(x) cos ωt                                                                                               Equation 6-4  
  
Substituting Equation 6-4 in Equation 6-3,                      
 
𝐸𝐸𝐸𝐸
𝜕𝜕4𝑦𝑦(𝑥𝑥)
𝜕𝜕𝑥𝑥4
+ 𝑃𝑃 𝜕𝜕2𝑦𝑦(𝑥𝑥)
𝜕𝜕𝑥𝑥2
+ 𝜌𝜌𝜌𝜌𝜌𝜌(𝑥𝑥)𝜔𝜔2 = 0                                                                    Equation 6-5 
Solution to the above equation is of the form, 
𝜌𝜌(𝑥𝑥) = 𝑐𝑐1 sinh𝛼𝛼𝑥𝑥 + 𝑐𝑐2 cosh𝛼𝛼𝑥𝑥 + 𝑐𝑐3 sin𝛽𝛽𝑥𝑥 + 𝑐𝑐4 cos𝛽𝛽𝑥𝑥                                           Equation 6-6 
Where; 
C1, C2, C3 and C4 are constants that depends on the boundary conditions and  
𝛼𝛼 = �− � 𝑃𝑃
2𝐸𝐸𝐸𝐸
� + �� 𝑃𝑃
2𝐸𝐸𝐸𝐸
�
2 + �𝜌𝜌𝜌𝜌
𝐸𝐸𝐸𝐸
�𝜔𝜔2�
1
2
�
1
2
                                                                   Equation 6-7 
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𝛽𝛽 = �� 𝑃𝑃
2𝐸𝐸𝐸𝐸
� + �� 𝑃𝑃
2𝐸𝐸𝐸𝐸
�
2 + �𝜌𝜌𝜌𝜌
𝐸𝐸𝐸𝐸
�𝜔𝜔2�
1
2
�
1
2
                                                                       Equation 6-8 
Similarly for a plate; the governing equation of motion of vibration is given as follows 
(Timoshenko 1959) from which the mode shapes can be obtained by using relevant boundary 
conditions. 
 
Figure 6-2 Plate element under lateral and direct in-plane loads (Timoshenko 1959) 
 
𝜕𝜕4𝑤𝑤
𝜕𝜕𝑥𝑥4
+ 2 𝜕𝜕4𝑤𝑤
𝜕𝜕𝑥𝑥2𝜕𝜕𝑦𝑦2
+ 𝜕𝜕4𝑤𝑤
𝜕𝜕𝑦𝑦4
= 1
𝐷𝐷
�p + N𝑥𝑥 𝜕𝜕2𝑤𝑤𝜕𝜕𝑥𝑥2 + N𝑦𝑦 𝜕𝜕2𝑤𝑤𝜕𝜕𝑦𝑦2 + 2N𝑥𝑥𝑦𝑦 𝜕𝜕2𝑤𝑤𝜕𝜕x𝜕𝜕y�                            Equation 6-9 
 
Where; 
w – Transverse displacement  
Nx, Ny, Nxy are in-plane forces, p is the uniformly distributed load applied on the plate surface 
(Z direction) and x, y are the distances along the axes as shown in Figure 6-2. 
Solving these equations in a complex structure such as a high rise building is inconvenient 
and time consuming. Therefore, commercially available FE package ANSYS was used to 
conduct the prestressed modal analysis to obtain the natural frequency of vibration and the 
modal displacements required to calculate the NFIs considered in this study.  
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6.3. Pre stressed modal analysis in ANSYS 
A linear perturbation modal analysis also known as prestressed modal analysis in ANSYS has 
to be conducted to include these effects of stress stiffening / compression softening and axial 
deformation (nonlinear geometry conditions). In ANSYS when a free vibration analysis with 
pre-stress is conducted, internally, two iterations are automatically performed (ANSYS Inc. 
2010): 
• A linear static analysis is initially performed (Base analysis) according to Equation 6-10: [𝐾𝐾]{𝑥𝑥0} = {𝐹𝐹}                                                                                            Equation 6-10 
• Based on the stress state from the static analysis, a stress stiffness matrix [S] is calculated. 
• The general relationship between the natural circular frequencies 𝜔𝜔𝑖𝑖 and mode shapes 
𝜑𝜑𝑖𝑖 in a free vibration analysis as given in Equation 6-11 is modified to include the [S] 
term, in the prestressed vibration analysis as shown in Equation 6-12. Finally the model is 
solved to obtain the modal vectors and the natural frequencies. ([𝐾𝐾] − 𝜔𝜔𝑖𝑖2[𝑀𝑀]){𝜑𝜑𝑖𝑖} = 0                                                                                        Equation 6-11 
�[𝐾𝐾] + [𝑆𝑆]�{𝜙𝜙𝑖𝑖} − [𝜔𝜔𝑖𝑖2][𝑀𝑀]{𝜙𝜙𝑖𝑖} = 0                                                                     Equation 6-12 
Assumptions are [K]: stiffness matrix and [M]: mass matrix are constant, linear behaviour of 
materials, only small deflections occur, no nonlinearities included, [C]: is not present and 
hence damping is not included and {F}: external excitation forces are not present. 
In this research, initially static analysis was conducted for every construction step of the high 
rise building using the construction modelling method explained in Section 4.2.  During this 
phase, the necessary data for the prestressed modal analysis (for multi-frame restart) was 
saved at each construction step using the RESCONTROL command. Thereby, valid 
restarting points were created for the linear perturbation analysis. Thereafter, modal analysis 
was performed for the deformed equilibrium configuration under the loads acting on the 
building at every fourth construction step. Construction of four floors at a time is considered 
following the recommendations of American National Standards, which recommends adding 
subsequent measurement points at every four floors and at the top of building when the 
height of a building exceeds 4 floors (Moragaspitiya 2011). In the modal analysis, first the 
Pre-stress Load step option was used to direct the multi-frame restart to the relevant load step 
  Chapter 6 
  
6-7 
 
in the static structural analysis. From these pre stressed modal analyses corresponding 
vibration parameters were extracted to calculate the NFIs for elements at each 4th 
construction step.  
6.4. Modal flexibility method   
Modal flexibility (MF) method is a natural frequency and mass normalized mode shape based 
technique commonly used for damage detection in bridge and building structures. The first 
few modes of vibration of a structure are normally adequate for calculating the MF due to its 
rapid convergence with increasing frequency (Wickramasinghe et al. 2015; Yan et al. 2007) 
and this is a preferable feature since only few lower modes of vibration can be practically 
measured in large civil structures (Ni et al. 2002). Modal flexibilities can be calculated 
directly from experimental data collected from a structure with or without analytical models. 
In large scale structures where online instrumentation is used and ambient vibration response 
is measured, mass normalized mode shape data are not available. However, many methods 
have been developed by researchers to calculate the model flexibility accurately and 
conveniently with ambient vibration measurements (Gao and Spencer 2002; Parloo et al. 
2005).  Due to these advantages, modal flexibility method is used in this research as the 
technique to update the axial shortening values in column and shear wall elements in a CFT 
high rise building. 
The modal flexibility matrix for a discrete structure is derived as follows (Shih 2009); 
The general equation of free vibration without damping for a discrete structure is; [M]{ü} + [K]{u} = 0                                                                                             Equation 6-13 
The displacement vector {u} is given by   {𝑢𝑢} = {𝜙𝜙}sin (𝜔𝜔𝜔𝜔 + γ)                       Equation 6-14 
Where γ is the phase angle.  
Substituting Equation 6-14 into Equation 6-13,  [𝐾𝐾][𝜙𝜙] − [𝜔𝜔2][𝑀𝑀][𝜙𝜙] = 0                           Equation 6-15 
Multiplying Equation 6-15 by transpose of modal vector [∅]𝑇𝑇 yields: [𝜙𝜙]𝑇𝑇[𝐾𝐾][𝜙𝜙] − [𝜔𝜔2][𝜙𝜙]𝑇𝑇[𝑀𝑀][𝜙𝜙] = 0               Equation 6-16 
The orthogonality condition, for normalized eigenvectors is given by 
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[𝜙𝜙]𝑇𝑇[𝑀𝑀][𝜙𝜙] = [𝐸𝐸]                          Equation 6-17
     
Substituting Equation 6-17 in to Equation 6-16, this becomes [𝜙𝜙]𝑇𝑇[𝐾𝐾][𝜙𝜙] − [𝜔𝜔2][𝐸𝐸] = 0                                 Equation 6-18 [𝜙𝜙]−1[𝐾𝐾]−1[𝜙𝜙]−𝑇𝑇 = � 1
𝜔𝜔2
� [𝐸𝐸]                           Equation 6-19 
[𝐾𝐾]−1 = [𝜙𝜙] � 1
𝜔𝜔2
� [𝜙𝜙]𝑇𝑇                           Equation 6-20 
Modal flexibility can therefore be written as; [𝐹𝐹] = [𝜙𝜙] � 1
𝜔𝜔2
� [𝜙𝜙]𝑇𝑇                          Equation 6-21 
Modal flexibility, Fx of a column or shear wall at storey level x of a structure can be written 
as; 
               Equation6-22 
        
In the above equation, [F] is the modal flexibility matrix, [K] is the stiffness matrix, [F] is the 
mass normalised modal vector, i (i=1, 2, 3 …m) is the mode number considered, ωi is the 
natural frequency of the structure at mode i, respectively.  
When a column or shear wall in a structure is subjected to axial forces, its stiffness is reduced 
and the flexibility is increased similar to damage or deterioration. This alters its vibration 
characteristics. The resulting modal flexibilities of the element are represented in Equation 
6-23 and Equation 6-24 respectively at the loaded and unloaded states of the structure. 
𝐹𝐹𝑥𝑥𝑥𝑥 = � 1𝜔𝜔𝑖𝑖2𝑚𝑚𝑖𝑖=1 𝜙𝜙𝑥𝑥𝑖𝑖𝜙𝜙𝑥𝑥𝑖𝑖𝑇𝑇 �𝑥𝑥                Equation 6-23 
𝐹𝐹𝑥𝑥𝑥𝑥 = � 1𝜔𝜔𝑖𝑖2𝑚𝑚𝑖𝑖=1 𝜙𝜙𝑥𝑥𝑖𝑖𝜙𝜙𝑥𝑥𝑖𝑖𝑇𝑇 �𝑥𝑥              Equation 6-24 
In the above equations, subscripts L and U denote the loaded and unloaded (similar to 
damaged and healthy states in damage detection studies) states of the element respectively. 
Equation 6-25 below captures the change in modal flexibility of the structure due to applied 
axial load. 
𝐹𝐹𝑥𝑥 = � 1𝜔𝜔𝑖𝑖2𝑚𝑚𝑖𝑖=1 𝜙𝜙𝑥𝑥𝑖𝑖𝜙𝜙𝑥𝑥𝑖𝑖𝑇𝑇   
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𝐹𝐹𝑥𝑥𝑥𝑥 − 𝐹𝐹𝑥𝑥𝑥𝑥 = � 1𝜔𝜔𝑖𝑖2𝑚𝑚𝑖𝑖=1 𝜙𝜙𝑥𝑥𝑖𝑖𝜙𝜙𝑥𝑥𝑖𝑖𝑇𝑇 �𝑥𝑥 −  � 1𝜔𝜔𝑖𝑖2
𝑚𝑚
𝑖𝑖=1
𝜙𝜙𝑥𝑥𝑖𝑖𝜙𝜙𝑥𝑥𝑖𝑖
𝑇𝑇 �
𝑥𝑥
    Equation 6-25 
In this study, FxL - FxU is normalized by the FxU and hence the index namely, Normalised 
Flexibility Index (NFI) for determining the axial shortening in a column or shear wall is 
written as in Equation 6-26. 
 
𝑁𝑁𝐹𝐹𝐸𝐸 = �∑ 1𝜔𝜔𝑖𝑖2𝑚𝑚𝑖𝑖=1 𝜙𝜙𝑥𝑥𝑖𝑖𝜙𝜙𝑥𝑥𝑖𝑖𝑇𝑇 �𝑥𝑥 −  �∑ 1𝜔𝜔𝑖𝑖2𝑚𝑚𝑖𝑖=1 𝜙𝜙𝑥𝑥𝑖𝑖𝜙𝜙𝑥𝑥𝑖𝑖𝑇𝑇 �𝑥𝑥
�∑
1
𝜔𝜔𝑖𝑖
2
𝑚𝑚
𝑖𝑖=1 𝜙𝜙𝑥𝑥𝑖𝑖𝜙𝜙𝑥𝑥𝑖𝑖
𝑇𝑇 �
𝑥𝑥
                        Equation 6-26 
High rise buildings can have different vibration modes and it is difficult to measure the 
rotational coordinates of torsional and coupled modes practically. In these instances, most 
damage detection techniques use the translational components of the mode shapes instead of 
rotational coordinates (Wickramasinghe et al. 2014). This research therefore studies the 
applicability of NFIs which are derived by decomposing the modal flexibility of a structure 
into two parts in addition to the NFI derived from the resultant modal vectors, to update the 
axial shortening of components in a high rise building. One component based index is 
derived from the vertical components of the mode shapes of the high rise building structure 
while the other is based on the lateral components of mode shapes. These component based 
NFIs are given in Equation 6-27 and Equation 6-28  respectively, where the subscripts y and 
x/z denote the vertical and lateral components of mode shapes, respectively. 
𝑁𝑁𝐹𝐹𝐸𝐸𝑦𝑦 = �∑ 1𝜔𝜔𝑖𝑖2𝑚𝑚𝑖𝑖=1 𝜙𝜙𝑥𝑥𝑖𝑖𝜙𝜙𝑥𝑥𝑖𝑖𝑇𝑇 �𝑥𝑥𝑦𝑦 −  �∑ 1𝜔𝜔𝑖𝑖2𝑚𝑚𝑖𝑖=1 𝜙𝜙𝑥𝑥𝑖𝑖𝜙𝜙𝑥𝑥𝑖𝑖𝑇𝑇 �𝑥𝑥𝑦𝑦
�∑
1
𝜔𝜔𝑖𝑖
2
𝑚𝑚
𝑖𝑖=1 𝜙𝜙𝑥𝑥𝑖𝑖𝜙𝜙𝑥𝑥𝑖𝑖
𝑇𝑇 �
𝑥𝑥𝑦𝑦
                   Equation 6-27 
𝑁𝑁𝐹𝐹𝐸𝐸𝑥𝑥/𝑧𝑧 = �∑ 1𝜔𝜔𝑖𝑖2𝑚𝑚𝑖𝑖=1 𝜙𝜙𝑥𝑥𝑖𝑖𝜙𝜙𝑥𝑥𝑖𝑖𝑇𝑇 �𝑥𝑥𝑥𝑥/𝑧𝑧 −  �∑ 1𝜔𝜔𝑖𝑖2𝑚𝑚𝑖𝑖=1 𝜙𝜙𝑥𝑥𝑖𝑖𝜙𝜙𝑥𝑥𝑖𝑖𝑇𝑇 �𝑥𝑥𝑥𝑥/𝑧𝑧
�∑
1
𝜔𝜔𝑖𝑖
2
𝑚𝑚
𝑖𝑖=1 𝜙𝜙𝑥𝑥𝑖𝑖𝜙𝜙𝑥𝑥𝑖𝑖
𝑇𝑇 �
𝑥𝑥𝑥𝑥/𝑧𝑧
              Equation 6-28 
Modal flexibility which is calculated with the natural frequencies and modal vectors is a 
popular technique for damage detection of structures due to its rapid convergence with 
increasing natural frequency. It is therefore a promising method for updating the axial 
shortening in the vertical members of a high rise building, when an increase in axial force 
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reduces the flexibility of a structural member similar to damage. In this study, FE models 
were utilized to demonstrate the proposed inverse technique for updating the axial shortening 
predictions. The FE models of the building in its base line state and a subsequent loaded state 
are used to extract the vibration properties at the two states and then to compute the modal 
flexibility based NFIs 
6.5. Validation of the modelling technique 
To evaluate the applicability of the NFIs for the axial shortening measurements in a high rise 
building, finite element modelling is conducted with ANSYS using prestressed modal 
analysis method. The simulation technique used to obtain the natural frequencies and modal 
vectors necessary for the NFI calculations is validated using two benchmark studies available 
in the literature. The first study is that of Friberg (1985), in which the natural frequencies of a 
beam under axial compression and without axial loads were obtained using analytical 
methods and the effects of compression softening is evident in the frequency results obtained. 
Second experimental study is by Dackerman (2009) in which the dynamic properties of a two 
storey framed structure were determined using modal testing. Dynamic behaviour of this two 
storey frame was recreated with a FE model in this research and change in vibration 
properties with addition of masses to the structure was simulated and validated. These added 
mass cases facilitate the understanding of the influence of axial loads and deformations of 
column elements on their vibration properties. This can therefore be used to validate the 
applicability of the normalised flexibility index to predict axial shortening as a result of 
increased axial loading.  
6.5.1. Bending torsion coupled beam of Friberg (1985)  
For the validation of the modelling technique, the benchmark study of bending torsion 
coupled beam of Friberg (1985) was analysed. This has been used previously for comparison 
of the theoretical derivations of Banerjee and Williams (1994), Banerjee (1999) and 
Moragaspitiya (2011) in their works. Results from all these previous studies converged to 
similar values confirming the effect of axial forces on natural frequency of vibration in this 
numerical example. The dimensions and material properties of the beam are as given in 
Figure 6-3. Free vibration analysis of this beam is conducted for the two cases of without 
axial load and with an axial compression load of 1790 N applied at the geometric centroid of 
the cross section. The beam is clamped at one end with the other end free.  
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Figure 6-3 Cross sectional and material properties of the bending torsion coupled beam (Friberg 1985) 
 
The natural frequency values obtained by prestressed modal analysis of the beam in ANSYS 
with the given geometry, loading and boundary conditions are given in Table 6-1. The first 
mode and third were bending while modes 2, 3, 5 and 6 were coupled bending and torsional 
modes. The maximum deviation of results obtained by FEM model, from the analytical 
results obtained by Frisberg is 1.63% indicating a good agreement of the predictions by 
modelling technique with the exact analytical solution of the dynamic behaviour of the beam.  
Table 6-1 Natural frequency of the Frisberg beam case in Hz 
  Axial force=0 Axial force= -1790 (Compression) 
Mode 
number 
ANSYS Analytical % deviation ANSYS Analytical % deviation 
1 31.879 31.81 -0.22 25.122 25.01 -0.45 
2 63.532 63.79 0.40 61.084 61.28 0.32 
3 135.86 137.7 1.34 134.35 136 1.21 
4 198.12 199.3 0.59 191.49 192.4 0.47 
5 273.75 278.4 1.67 270.41 274.9 1.63 
6 476.68 484.8 1.67 471.33 478.5 1.50 
6.5.2. Two storey steel framed structure 
To further validate the modelling technique and to evaluate the effectiveness of NFIs used in 
this research to update the axial shortening predictions in a building structure, finite element 
modelling was carried out for the two storey framed structure that represents the actual 
laboratory structure of Dackerman (2009) in the University of Technology Sydney. This 
R = 24.5 mm 
t = 4.0 mm  
A = 3.08x10-4 m2 
m = 0.835 kg/m 
L = 820 mm 
E = 68.9 GPa 
G = 26.5 GPa 
Density ρ = 2711.04 kg/m3 
 
R 
t 
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study by Dackerman (2009) determined the dynamic properties of the two storey framed 
structure using modal testing for the baseline structure, with added masses and single and 
multiple damage cases to the columns and connections of the baseline structure. Dynamic 
behaviour of the baseline structure and the added mass cases are used for the validation in the 
present study, since this represent the scenario of increased loading during and after building 
construction and how it affects the dynamic behaviour of a frame. 
The two storey frame consisted of two column sections of flat steel with cross section 
dimensions 65mm*5.5mm and height of 1600mm, two cross beams and four rigid joint 
elements screw fixed to the columns. The two columns were fixed to a steel base with L 
angles. The dimensions and the arrangement of the frame structure are as given in Figure 6-4. 
The Young’s modulus of elasticity of the steel used for the frame was 200 GPa, Poisson’s 
ratio was 0.3 and the density was 7850 kg/m3. For the added mass case, extra masses were 
introduced to the frame at six different locations on the cross beams as indicated by M1-M6 
in Figure 6-4. The added mass placed on each of these locations was equal to 10.5% of the 
entire structure and was introduced as four disks of 2.3kg, screw connected to bind to the 
structure tightly. Further details of the geometry, loading, material and connections of this 
frame and the added mass case scenario are present in Dackerman (2009) 
                      
Figure 6-4 Laboratory two- storey framed structure and locations of added mass (Dackerman 2009) 
 
 
M1 M2 M3 
M4 M5 M6 
C1 
C2 C4 
C3 
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Figure 6-5 FEM model of the two storey frame with individual parts; joint element, base connection and cross 
beam 
The frame assembly was modelled in ANSYS Workbench. The crossbeam, columns, joint 
and the base connection was created separately in DesignModeler in ANSYS Workbench and 
assembled to obtain the two storey framed structure as illustrated in Figure 6-5. SOLID187 
elements were used for the FEM mesh and mapped mesh is used where possible with 
tetrahedral mesh for the parts with complex geometry. To modal the added mass cases, a 
cylindrical disk was added to the cross beam at the relevant location with a mass of 9.2 kg 
equal to the total weight of the four disks added to the experimental structure. Figure 6-6 
illustrates the modelling of the added mass case M2. Prestressed modal analysis was 
conducted for the base structure and all the added mass cases and the modal parameters were 
extracted. 
 
Figure 6-6 Added mass case M2 
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Figure 6-7 Mode shapes of the two storey framed structure 
 
 
FEM model of Baseline structure 
 
Mode 1 
 
Mode 2 
 
Mode 3 
 
Mode 4 
 
Mode 5 
 
Mode 6 
 
Mode 7 
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The mode shapes of the structure obtained by the numerical simulation and the experimental 
testing in the previous publication were compared and the relative differences between the 
natural frequencies were determined. The first seven flexural modes of the structure are as 
illustrated in Figure 6-7. The transverse bending and torsional modes are excluded since they 
were not measured in the considered experimental study. The first two modes are global 
modes while the others are local modes of columns. Mode shapes of this two storey frame 
obtained by experimental testing and the numerical modal were an exact match. The natural 
frequency of vibration of the structure for the above mode shapes and the relative difference 
of natural frequencies between the FE model and the experiment for the baseline structure NF𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑛𝑛𝑑𝑑𝑑𝑑 ,   are presented in Table 6-2. The relative differences between the natural 
frequencies are calculated based on Equation 6-29.                                                             
𝑁𝑁𝐹𝐹𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑛𝑛𝑑𝑑𝑑𝑑 = [𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒 − 𝑑𝑑𝑛𝑛𝑛𝑛𝑛𝑛  ]𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒 × 100                                                                                 Equation 6-29 
Where, 𝑓𝑓𝑑𝑑𝑥𝑥𝑒𝑒 is the natural frequency of the structure obtained experimentally and 𝑓𝑓𝑛𝑛𝑛𝑛𝑚𝑚 is the 
natural frequency of the finite element model. 
Table 6-2 Natural frequencies of vibration for baseline structure  
 
 
 
 
 
 
For Mode 1, very good correlation between the FE model and the experimental value was 
obtained with the relative difference only being 3%. The maximum relative difference 
obtained was for Mode 2 which was 6.94%. Similar observations were made by Dackerman 
(2009) who also developed FE models to compare with the experimental results and obtained 
a relative difference of 5.66% for the second mode of vibration of the two storey frame. From 
the results of the correlation analysis, it is evident that the finite element model developed 
predicts the dynamic behaviour with an acceptable accuracy and it is not necessary to conduct 
model updating. 
Mode 
number 
Experimental 
(Dackerman 
2009) 
Numerical 
modal 
% 
deviation 
Mode 1 2.26 2.19 3.00 
Mode 2 6.89 6.41 6.94 
Mode 3 67.03 62.97 6.06 
Mode 4 67.03 71.47 -6.62 
Mode 5 82.10 86.55 -5.42 
Mode 6 98.90 96.90 2.03 
Mode 7 115.39 110.35 4.37 
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The dynamic behaviour of the frame with added masses and thereafter the behaviour of the 
normalised flexibility index (NFI) with the increasing axial deformation of the columns is 
analysed next. The natural frequencies of vibration for the baseline structure and the added 
mass cases are tabulated in Table 6-3. Since only the global modes of vibration are 
considered in this study for the NFI calculations, the frequency values for mode 1 and 2 are 
presented here. All added mass cases resulted in a decrease in the natural frequency of 
vibration of the structure as expected and the results predicted by the numerical models match 
with the experimental results well with a maximum deviation of 7.2% for mode 2 in few 
cases. 
Table 6-3 Natural frequencies of vibration for the baseline and added mass cases  
  Mode1 Mode2 
Baseline Experimental 2.26 6.89 
 Numerical 2.19 6.41 
 % deviation 3.00 6.94 
M1 Experimental 2.2 6.4 
 Numerical 2.1 5.9 
 % deviation 5.2 7.2 
M2 Experimental 2.2 6.4 
 Numerical 2.1 5.9 
 % deviation 5.2 7.2 
M3 Experimental 2.2 6.4 
 Numerical 2.1 5.9 
 % deviation 5.2 7.2 
M4 Experimental 2.1 6.6 
 Numerical 2.0 6.1 
 % deviation 4.7 7.0 
M5 Experimental 2.1 6.6 
 Numerical 2.0 6.1 
 % deviation 4.7 7.0 
M6 Experimental 2.1 6.6 
 Numerical 2.0 6.1 
 % deviation 4.7 7.0 
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6.6. Applicability of normalised flexibility index to predict axial shortening: 
Application 1 
6.6.1. Case 1: Single representative CFT column  
A cantilevered CFT column with dimensions of 1150mm external diameter, 16mm thick steel 
tube and 3.6m height was analysed to check the sensitivity of normalised flexibility index 
(NFI) to applied loading and elastic shortening. These dimensions represent the column used 
in storey levels 1-21 in the CFT high rise building considered in Chapter 4. The column is 
loaded in 6 steps as presented in Table 6-4. By the final load step, a stress of 0.45fcu (fcu- the 
characteristic strength of concrete) is exerted on the concrete core to simulate realistic 
column loading in the serviceability state and to maintain it in the linear elastic range. The 
material properties of the 80MPa concrete used and steel tube are as given in Table 6-5. 
Prestressed modal analysis of this column was conducted and the NFI values were calculated 
from the modal frequency values and modal displacement vectors extracted. 
Table 6-4 Loading applied on the column 
Load step Compression 
Load MN 
1 7.40 
2 14.8 
3 22.2 
4 29.6 
5 37.0 
6 50.0 
 
Table 6-5 Material Properties 
Material Property Concrete Steel 
Density (kNm-3) 2427 7850 
Poisson Ratio 0.2 0.3 
Young’s Modulus (GPa) 42 210 
The first and third modes of vibration of the column were bending while the second was a 
combination of bending and torsion. The percentage change in the natural frequency of 
vibration of the column with increasing axial force is presented in Figure 6-8. The first mode 
shows a maximum change of 2.5% at the final loading step. The percentage change 
significantly reduces with the mode number as evident in the same figure.  
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Figure 6-9 depicts the variation of NFI with the increasing compression load and hence the 
elastic shortening. It is evident that the normalised flexibility index converges rapidly with 
the mode number and that it requires 2-3 modes to successfully capture the changes in elastic 
shortening. This is a well-accepted advantage of the modal flexibility based methods as 
opposed to the others, which enables to obtain an accurate index using few lower modes and 
mass normalised mode shape vectors (Wickramasinghe et al. 2015). The normalised 
flexibility index of the column increased by four times from 0.02 to 0.08, and therefore 
demonstrating the capability of the NFI to capture the changes in axial loading and thus the 
axial shortening of the CFT column element.  
 
Figure 6-8 Percentage change in natural frequency due to the loading on the CFT column 
 
 
Figure 6-9 Normalised flexibility index of the CFT column  
6.6.2. Case 2: 2D CFT framed structure with shear walls 
A two dimensional frame of 3 bays and 10 storeys is used to observe the behaviour of the 
NFI of column and shear wall elements in a structural frame. Shear walls are present in the 
storeys at level 4 and 8 as illustrated in Figure 6-10. The CFT columns are of 800mm 
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diameter with a 12mm thick steel tube. Concrete used to construct the columns is of grade 60 
(characteristic strength). The beams are of 0.5m x 0.5m cross section and shear walls are of 
0.5m thickness and constructed with the same grade of concrete as the columns. The floor 
height of the framed structure is 4m. The frame is fixed supported at the foundation level and 
different axial loads on columns are applied at each storey level as shown in Table 6-6 which 
represent the possible different axial loading exerted on columns due to differences in load 
tributary areas. These loads are increased by 0.25MN repeatedly to generate 4 more time 
steps. 
 
 
Figure 6-10 CFT structural frame geometry 
 
Table 6-6  Axial loading on the columns of the framed structure in load step 1 
Floor 
Number 
Force/ MN 
Columns 
 C1 C2 C3 C4 
1 1 1.5 2 1 
2 1 1.5 2 1 
3 2 3 3.5 2 
4 1 1.5 2 1 
5 1 1.5 2 1 
6 1 1.5 2 1 
7 2 2.5 3 2 
8 1 1.5 2 1 
9 1 1.5 2 1 
10 1 1.5 2 1 
C1 
C2 C3 C4 
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The first two global modes of vibration of the 2D framed structure are considered for the 
calculation of the NFI and are  shown in Figure 6-11. Mode 1 is single curvature bending and 
Mode 2 is double curvature bending. The natural frequency values extracted from the anlysis 
of the frame at each load step are given in Table 6-7. The reduction in natural frequency 
values due to the reduction in the strucure stiffness (compression softening) is evident from  
these values. The highest change of frequency due to the applied axial forces is observed for 
the first two modes each decreasing by 9.22% and 7.38% respectively from the unloaded case 
to the final load step.  
 
            Mode 1 
 
               Mode 2 
Figure 6-11 First two modes of the 2D framed structure 
Table 6-7 Change of frequency with the loading cases  
Mode 
number 
Load step 
0 
Load step 
1 
Load step 
2 
Load step 
3 
Load step 
4 
Load step 
5 
1 1.258 1.188 1.177 1.165 1.154 1.142 
2 3.550 3.391 3.366 3.340 3.314 3.288 
3 7.888 7.809 7.795 7.781 7.767 7.753 
4 14.508 14.505 14.505 14.505 14.505 14.505 
5 15.729 15.725 15.724 15.724 15.724 15.723 
6 15.762 15.765 15.765 15.766 15.766 15.766 
 
The NFIs calculated from the frequencies and mode shape data extracted from the ANSYS 
prestressed modal analysis are presented in Figure 6-12 plotted against axial deformation of 
the column. The Axial Shortening of columns relevant to each flexibility index was obtained 
from the static analysis of the structure under the different loading cases. Figure 6-12 (a), (b), 
(c) and (d) represent these values for the four columns at storey level 2, 4, 6, 8 and 10 
respectively. NFIs increase linearly with axial shortening of columns in this specific frame 
considered at all floor levels. As evident from Figure 6-12, NFI is unique for each column 
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section at each storey. Also for each column, for each axial deformation value, a unique value 
of normalised flexibility index exists. This indicates the possibility of using the NFI to solve 
the inverse problem of updating the axial shortening of the columns. 
 
(a) Storey level 2 
 
 
(b) Storey level 4 
 
 
(c) Storey level 6 
 
 
(d) Storey level 8 
 
 
(e)  Storey level 10 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-12 Variation of Normalised Flexibility index of the columns at (a) 2nd (b) 4th (c) 6th (d) 8th and (e) 10th 
storey levels 
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6.6.3. Case 3: 10 storey building with eccentric shear core 
A ten storey building with two eccentric shear cores is considered next to understand the 
capability of NFI to update axial shortening of columns in an actual low rise building. This 
can then be confidently extended to a high rise building with similar structural arrangement 
and elements. The columns are of 500mm diameter and with a steel tube thickness of 10mm. 
The building also comprises of two shear cores and  slabs of 0.25m thickness and two other 
shear walls of 1m thicknesss at floor level 7 which connect the two shear walls at faces B and 
F. These two shear walls connecting the shear cores represent the outrigger action in a high 
rise biulding. The structural arrangement of the building is as illustrated in Figure 6-13 with 
the isometric and plan views.  
 
 
                    
 
(a)                                                              (b) 
Figure 6-13 FEM modal of the 10 storey building with eccentric shear core wall system (a) isometric view and 
(b) plan view 
Four load cases are applied in order to simulate the actual load variation that can take place in 
a building as indicated in Table 6-8. These loads are applied as uniformly distributed slab 
loads. The natural frequencies and the mode shape data were extracted from the ANSYS 
prestressed modal analysis. The natural frequency reduction of the structure due to the 
gradually increasing slab load is evident in Table 6-9. The first and third modes are bending 
about the X and Z axis respectively while the second mode is torsional due to the asymmetric 
nature of the shear core. The mode shapes are illustrated in Figure 6-14.  
C1 
C2 
C3 
C4 
F 
B 
3m 6m 
6m 
6m 
10m 
8m 
7.5m 
Shear walls 
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Table 6-8 Load Cases considered on Slabs given in kPa. 
Levels Load case 1 Load case 2 Load case 3 Load case 4 
1 to 6 2 2 2 2 
7 and 8 0 2 2 2 
9 and 10 0 0 1 2 
 
Table 6-9 Natural frequencies for different load cases: 
Mode 
number 
Load case 0 Load case 1 Load case 2 Load case 3 Load case 4 
1 0.85434 0.85402 0.85364 0.8534 0.85315 
2 1.6992 1.6989 1.6987 1.6986 1.6984 
3 2.1445 2.1444 2.1443 2.1443 2.1442 
4 3.8051 3.8047 3.8043 3.804 3.8037 
5 4.8383 4.8381 4.8382 4.8387 4.839 
6 5.0232 5.0233 5.0237 5.024 5.0244 
 
 
Mode 1- Bending about Z direction 
 
Mode 2- torsion 
 
Mode 3- Bending about X direction 
 
Figure 6-14 Mode shapes of vibration of the ten storey building 
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Figure 6-15 illustrates the modal displaements of the two shear walls, (a) is the end view and 
(b) is the side view of the shear wall in the building. These figure shows the mode shape 
vectors are affected by the effects of geometry and stiffness distribution with the two shear 
walls having different values at the same floor levels. 
  
 
Figure 6-15 Modal displacements (in m) of the shear walls for mode 1 (a) end view (b) Side view 
 
Figure 6-16 (a), (b) and (c) show the variations of the NFI values with AS for the four 
Columns 1-4 at storey levels 3, 5, 7 and 9 respectively. Figure 6-17 (a), (b) and (c) represent 
the same for the shear wall at points B and F at storey levels 3, 5 and 7 respectively. NFIs 
increase gradually with axial shortening of these elements in this low rise building at all floor 
levels. As evident from these figures the trends of the NFIs for this low rise 3D building 
structure are similar to those for the 2D frame structure in the previous example. Also, 
although the NFI values are lower for this case than for the 2D frame or single column due to 
the lower sensitivity of frequency values to loading changes as the structure becomes more 
three dimensional and larger, the NFI values still have a considerable and detectable variation 
with axial shortening. The possibility of extending the concept developed based on NFI to 
update the AS values is verified for low rise buildings with CFT columns. This shows the 
potential to develop a database for a low rise buildings with CFT columns and RC shear walls 
for correlating NFI and AS of the elements and then to use it for updating the AS of those 
elements at construction stages. The potential for extending this approach to high rise 
building is also evident and this will be pursued in the next section. 
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Figure 6-16 NFI of Columns 1-4 at floor levels (a) 3, (b) 5,  (c) 7 and (d) 9 
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(c) 
Figure 6-17 NFI of shear wall at points B and F at floor levels (a) 3, (b) 5 and (c) 9 
6.7. Application 2: High rise building including construction sequence and long term 
effects with creep and shrinkage 
In the previous sections of this chapter it was verified that the axial shortening affects the 
vibration properties such as natural frequency and the mode shapes of a structure. In Section 
6.6 the applicability of the NFIs were considered for a single column, a 2D building frame 
and a 3D low rise building of 10 storeys having two shear cores and stiff connecting walls 
representative of an outrigger while increasing the loading on those structures gradually. The 
results of that section verified that the Normalised Flexibility index (NFI) can be successfully 
utilised to update the axial shortening values of the vertical members predicted at the design 
stage. These updated axial shortening values of elements can thereafter be used to find the 
DAS between any two neighbouring elements. In this Section the developed concept is 
further extended to include the construction sequence and long term effects of creep and 
shrinkage. First application of this is to a CFT high rise building with symmetrical geometry 
and finally a high rise building with asymmetric geometry.  
6.7.1.  Case 1: high rise building with CFT columns and of symmetrical geometry 
The FE model of the high rise building with symmetrical geometry is shown in Figure 6-18. 
Its geometry, material properties and the construction schedule are the same as given in 
Chapter 4. Effects of time dependent material behaviour including creep and shrinkage were 
also incorporated following the method described in this chapter. Section 4.4 provides more 
information on the high rise building model development. Static analysis was conducted 
considering construction modelling for each floor as described in Section 3.6 and prestressed 
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modal analysis was conducted for construction of every 4 floors. This was based on the 
recommendations of American national standard, ANSI S2 47-1990 which recommends 
establishing intermediate measurement points for vibration when the building height is more 
than four floors (Moragaspitiya et al. 2013). The first two natural frequencies of vibration 
were bending while the third was torsion. The variation of the period of vibration for the 
building during the construction is depicted in Figure 6-19. With the construction of each 
floor, mass and stiffness are added to the structure at each construction step. The effect of 
added mass with the height of the building over-rides the effect from the stiffness increment. 
The net effect is therefore an increment in the period of vibration of the structure. This effect 
is more evident in the first two modes than the latter modes as shown in Figure 6-19.  
           
(a) (c) 
Figure 6-18 FE model of the geometrically symmetrical building (a) isometric view (b) side view and (c) plan 
 
Figure 6-19 Variation of period of vibration of the high rise building with construction stages 
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The flexibility parameter NFI is calculated from the natural frequencies of vibration and the 
vector sum of the modal displacements. To obtain the NFI, first three modes of vibration was 
summed up; since it was proven in the previous sections that the first few modes are adequate 
to get a converged value for modal flexibility based indices. Figure 6-20 presents these 
indices for the Columns A and C and the concrete shear walls at point B at different floor 
levels 12, 32 and 52 representing the behaviour of the columns in each section of the 
building. This demonstrates that for a high rise building with CFT columns a database can be 
established, which contains the relationship between the vibration based parameter NFI and 
AS for critical load bearing elements. In these graphs the effects of construction sequence is 
also included. As evident in these figures, the NFI values are higher for elements in the lower 
levels than in the top levels due to the higher change in axial loads in these levels. Although 
the frequency of free vibration is reducing with the gradual construction of the high rise 
building, the NFI can be negative as observed in these figures since the mode shapes also 
reduce in an element due to its interaction with other elements in the structure and this 
reduction in modal vectors is more prominent than the reduction in frequencies in some 
cases.  
 
(a) (b) 
 
(c) 
Figure 6-20 NFI for columns A, C and shear wall at B at storey levels (a) 12 (b) 32 and (c) 52 
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High rise buildings can have bending and torsional modes as the first few lower modes. 
However, it is difficult to measure torsional and coupled modes and hence measuring the 
modal displacements in the three orthogonal translational coordinates is common. Therefore 
to account for this and, the current study considers the component based Normalised 
Flexibility Index (NFI) values in comparison to the NFI based on resultant modal 
displacements and stiffness based indexes. The component specific NFIs incorporate the 
lateral and vertical components of the mode shapes, to detect the axial shortening of columns 
and shear walls.  Figure 6-21 to Figure 6-23 present the NFI values for Columns A and C and 
shear wall at point B calculated based on components of modal displacement vectors in the 
three orthogonal directions. Figure 6-21 depicts the NFIx based on one lateral component and 
Figure 6-22 depicts the NFIz based on the other lateral component orthogonal to this. 
Similarly, Figure 6-23 shows NFIy, the index calculated form the vertical components of the 
modal displacements for the Columns A and C. It is clearly shown in these figures that NFIy 
which is the vertical index for elements in the building considered is more sensitive to 
changes in AS values in Columns A and C than NFI and NFIx/y. However, NFI for shear wall 
elements doesn’t show this trend with both resultant based and component based NFIs of 
elements having similar sensitivity to AS.  
 
(a) (b) 
 
(c) 
Figure 6-21 NFIx for columns A, C and shear wall at B at storey levels (a) 12 (b) 32 and (c) 52 
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(a)                                                                     (b) 
 
 
(c) 
Figure 6-22 NFIz for columns A, C and shear wall at B at storey levels (a) 12 (b) 32 and (c) 52 
 
 
(a) (b) 
 
(c) 
Figure 6-23 NFIy for columns A and C at storey levels (a) 12 (b) 32 and (c) 52 
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6.8. Application 2: CFT high rise building with eccentric shear core 
The developed concept is applied to a CFT high rise building with asymmetrical geometry to 
further evaluate the applicability of NFI to update the AS in CFT column and shear wall 
elements for this particular case. This building is similar to the previous application in 
geometry, material properties and the construction schedule but has the shear core introduced 
in the corner of the building which introduces geometrical asymmetry to the building due to 
its eccentricity (see Figure 6-24c). The building model is shown in Figure 6-24. Static 
analysis was conducted considering construction modelling and prestressed modal analysis 
was used to extract the frequency and modal displacements of the structure. The variation of 
the period of vibration for the building during the construction is depicted in Figure 6-25. 
Similar to the symmetrical building this shows the same trend in the period of vibration of the 
structure, increasing with the construction of the floors. 
                            
 
Figure 6-24 FE model of the geometrically asymmetrical building 
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Figure 6-25 Variation of period of vibration of the high rise building with construction stages 
Figure 6-26 and Figure 6-27 present the NFI values calculated for each AS value of Columns 
(A, B,C and D) and the concrete shear walls at point I respectively at floor levels 12, 32 and 
52. The trends for NFI variation with AS are similar to those in the previous building. This 
confirms the applicability of the concept of NFI to be used for AS updating regardless of 
whether the high rise building is geometrically symmetrical or asymmetrical. 
 
(a) (b) 
 
(c) 
 Figure 6-26 NFI for Columns A, B, C and D at storey levels (a) 12 (b) 32 and (c) 52 
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(a) (b) 
 
(c) 
Figure 6-27 NFI for shear wall at I at storey levels (a) 12 (b) 32 and (c) 52 
Figure 6-28 to Figure 6-30 present the NFI values for the Columns A, B, C and D and shear 
wall at point I calculated based on all the components of the modal displacement vectors in 
the three orthogonal directions. Figure 6-28 and Figure 6-29 depict the NFIx calculated based 
on one lateral component for the same Columns and Shear wall while Figure 6-30 shows 
NFIy, the index calculated form the vertical components of the modal displacements for these 
Column elements. It is evident that the present trends of NFIy which is more sensitive to 
changes in AS values in Columns than NFI and NFIx  are similar with those of the 
symmetrical building. Similarly, NFI of shear wall elements calculated with both resultant 
based and component based MFs have sensitivities to AS similar to those in the symmetrical 
building. These figures confirm that the concept of developing a data base for the vertical 
elements in CFT buildings and then using them to update the AS values during a later stage 
can be extended to a CFT high rise building with geometrical asymmetries. 
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(a) (b) 
 
(c) 
Figure 6-28 NFIx for Columns A, B, C and D at storey levels (a) 12 (b) 32 and (c) 52 
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 (c)  
Figure 6-29 NFIx for shear wall at I at storey levels (a) 12 (b) 32 and (c) 52 
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(a) (b) 
 
 
(c) 
Figure 6-30 NFIy for Columns A, B, C and D at storey levels (a) 12 (b) 32 and (c) 52 
6.9. Application of Normalised Flexibility Index for updating the axial shortening in 
real high rise buildings (Inverse Problem) 
In the final phase of this research pre-stressed modal analysis computer simulations were 
used to investigate the suitability of modal flexibility based NFIs to update the axial 
shortening predictions in a high rise building with CFT columns. It was shown that the NFI is 
suitable to be used as the vibration based index to update the time dependent axial shortening 
in a high rise building and that the vertical index (NFIy) is more efficient in updating the axial 
shortening of CFT column elements. For shear wall elements both NFIs based on resultant of 
mode shapes and components showed similar sensitivities to the changes in AS of the shear 
wall elements. Therefore both these indexes can be successfully used for the shear core 
elements. 
In order to apply the inverse procedure to update the (design stage) AS values of vertical 
elements in a high rise building with CFT columns, a data base for the variations of the NFIs 
with AS values has to be developed for these elements, using FE techniques, and stored.  
During the construction phase of this high rise buildings, its vibration parameters of natural 
frequencies of vibration and mode shapes can be obtained by placing accelerometers in 
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suitable locations in the structure. From these values the NFI of individual elements at 
different storey levels can be calculated using Equation 6-22 to Equation 6-28. These can 
then be used with the (stored) data base on NFI variation with AS of the element considered 
at the relevant storey level in order to obtain the updated AS of that element. The 
effectiveness of this method can be improved by initially identifying the critical floor levels 
and the elements (column or shear wall) from the design stage predictions and creating 
database and calculating NFIs only for these elements. These steps are further summarised 
below: 
Step 1: Develop FE models of the high rise building that closely represent the actual 
structure and develop the data base of NFI with AS change for each critical 
vertical load bearing element  
Step 2: To update the AS values at any time during the construction or service stages of 
the building, obtain the vibration characteristics using accelerometers installed 
on the actual structure. Output Modal Analysis is used to obtain the 
frequencies and mode shapes of the  structure. 
Step4:  Calculate NFIy for CFT column elements and NFI or NFIx/y/z for shear wall 
elements using Equation 6-22 to Equation 6-28 
Step 5: Select the relevant graph for the element considered from the database and 
determine the updated AS by from this graph. 
Step 6: Calculate the DAS from the difference in AS of adjacent critical elements and 
check with serviceability criteria 
For example let’s consider the NFIy trend for Column C at storey level 12 as given in Figure 
6-30(a). If we calculate the NFIy value to be 7 from the measured natural frequencies and  
mode shapes for the building, using the established database, it can be shown that this  
column has undergone an AS value of 20mm. 
6.10. Summary  
This chapter developed and illustrated a vibration based procedure to up-date the design stage 
AS predictions in a high rise building with CFT columns. This procedure used the parameter 
NFI, which is similar to that used for damage detection in structures, to update the AS 
predictions in the CFT columns and shear walls. These updated AS values can then be used 
to predict the DAS between two elements.  
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The procedure developed in this thesis involved the following phases. Firstly, finite element 
model of the selected building with CFT columns was developed using ANSYS finite 
element package and pre-stressed modal analysis was performed and the modelling 
techniques are validated by comparing results with existing test results in the literature. The 
validated modelling techniques were extended to increasingly complex structures from single 
column to a 60 storey high rise building with asymmetric geometry. The analysis results 
demonstrated that NFI has a unique value for the axial shortening of each CFT column and 
RC shear wall in a structure at each floor level. This index can therefore be successfully used 
to solve the inverse problem of updating the design stage predictions of axial shortening in a 
CFT high rise building, during construction and operation. Also the method developed for 
updating the AS values in the CFT building is equally applicable to both symmetrical and 
unsymmetrical buildings. For the CFT columns in the high rise buildings considered, the NFI 
based on vertical components of modal vectors showed better sensitivity to axial shortening 
than the index based on resultant mode shape. However, for RC shear walls both indices have 
similar sensitivities to the changes in the axial shortening. Overall, this finding of this chapter 
confirm that designers can establish a database of NFI Vs AS for critical load bearing 
elements in a high rise building with CFT columns for verification and updating of their axial 
shortening during construction and operation. 
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CHAPTER 7 
7. Conclusions 
7.1. Summary 
This chapter summarises the research presented in this thesis and highlights its main 
findings. This research has developed a comprehensive method to quantify the 
differential axial shortenings in high rise buildings with CFT columns and RC shear 
walls. The research study progressed in three phases. Firstly, a rigorous procedure to 
predict the AS values in such high rise buildings at the design stage was developed 
using the finite element method (FEM). The method developed can be applied to 
various structures with structural complexities and irregular shapes. The modelling 
techniques were validated using experimental data on the axial shortening of CFT 
columns available in the literature. This technique was applied to a similar building 
with RC columns and the results were compared with those from the CFT building.  
In the second phase of this research, the validated modelling techniques were used to 
study the interaction of outrigger and belt system on the DAS of CFT buildings. 
Results from the currently used simplified methods for treating the interaction of 
outrigger-belt structures in DAS predictions as well as the outrigger-belt stresses 
obtained by current analysis methods were compared with the results from the 
comprehensive analysis method developed in the first phase. Further, sensitivity 
analysis were conducted to understand the effect of delayed connection of outrigger 
walls to perimeter columns and the location of outriggers on the transfer stresses 
developed in these structural components due to DAS of the structural frame in a 
high rise building with CFT columns.  
Finally, a procedure to up-date the (design stage) DAS predictions among the vertical 
load bearing structural components during their construction and service stages was 
proposed based on the vibration characteristics of the high rise buildings with CFT 
columns. Modal flexibility method was used and the Normalised Flexibility Index 
(NFI) was chosen to update axial shortening predictions. NFI showed variations with 
the AS in CFT columns and RC shear core of high rise buildings. The computational 
technique used to obtain the vibration parameters of structural elements was 
validated using the test results available in literature. It was then applied to both 
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symmetric and unsymmetrical 60 storey high rise buildings with CFTs. The 
following section highlights the main findings and research contributions of these 
three phases of the research. 
7.2. Main Findings of this Research 
 A comprehensive procedure to predict the DAS in a high rise building with 
CFT columns was developed. This procedure included the effects of 
reinforcement, time dependent material properties, construction sequence 
with concrete levelling effects and interaction of outrigger and belt system 
with the structural frame and therefore will provide accurate predictions. This 
can be conveniently used by the practicing engineers without any limiting 
assumptions. 
 Sensitivity analysis of the AS in columns to the changing geometric and 
material properties in a CFT column shows that changing parameters such as 
the steel tube thickness, tube diameter, reinforcement content, concrete 
strength and different loading times (construction cycle times) changes the 
AS in a CFT columns significantly. Therefore, the DAS can be minimised at 
the design stage by carefully optimising these parameters.  
 Axial forces in the columns and the bending moments and shear forces of 
connecting beams in the high rise building increase considerably due to the 
effects of creep and shrinkage with time. Therefore, it is important to estimate 
the changes in these structural actions due to DAS for safer design.  
 The post processing method commonly used to predict DAS can introduce 
significant differences in DAS predictions from the actual behaviour. This is 
due to simplified approaches failing to account for the load redistribution in 
the CFT building and outrigger-belt interaction with the structural frame due 
to creep and shrinkage strain components. Therefore, it is recommended to 
use comprehensive modelling techniques including the effects of this 
interaction with outrigger-belt system for DAS quantifications. 
 Using linear elastic analysis methods without considering the long term 
effects for the design of outrigger-bet systems can lead to non-conservative 
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design of the lower outriggers and uneconomical and conservative designs of 
upper outriggers.  
 Critical DAS in a building with CFT columns can occur at the top most levels 
in addition to the expected maximum values at the mid height.  
 The outrigger-belt systems significantly reduce the DAS in high rise 
buildings; hence they can be used as a mechanism to control/supress DAS in 
high rise buildings. However, this control of DAS by the outrigger-belt 
system resulted in a 2-4 times increment in outrigger and belt stresses in the 
specific case considered. Therefore, it is essential to accurately estimate these 
outrigger-belt stresses considering all influencing factors and design the 
lateral resistant system for these additional stresses. 
 A small delay in time of connection of the outrigger walls to the perimeter 
columns can result in significant reductions in the stresses developed in the 
outrigger-belt system due to DAS. Thus delaying the connection of outrigger 
by a long time may not be necessary. 
 A change of ±8% in the location of the outrigger-belt system along the height 
of the building can result in about 25% change in the maximum DAS values. 
This indicates the possibility of using the location of outrigger-belt system to 
reduce DAS. However with the priority given to lateral load resistance, this 
change required for DAS control should be checked with the acceptable 
variation from the optimum location for lateral loading. 
 Finally, the modal flexibility based index namely, the Normalised Flexibility 
Index (NFI) introduced in this study can be successfully used to update DAS 
predictions in a high rise building with CFT columns during construction and 
operation. Both NFIs based on resultant of mode shapes and components can 
be successfully used for this purpose. The method developed for updating the 
AS values in the CFT building is equally applicable to both symmetrical and 
unsymmetrical buildings. 
Overall, the proposed holistic approach to predict the DAS in buildings with CFT 
columns considering all influencing factors would enable accurate predictions of 
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DAS and the associated changes in stresses in structural components during the 
design stage of buildings. The generated new knowledge on the interaction of 
outrigger-belt systems with the structural frame can be used by engineers to decide 
the (i) feasibility of changing and delaying the entire construction cycle times, (ii) 
delayed connection of outrigger belt systems and planning connection times 
considering the risk of adverse lateral loading events that could occur during 
construction and (iii) effectiveness of detailed control measures. Finally, the 
relationships between the DAS and vibration characteristics of the buildings – 
Normalised Flexibility Index (NFI) values would facilitate to keep track on the AS 
shortening of building during construction and service life, and this will help to 
update the DAS performance of the high rise buildings and alert the engineers if 
precautions need to be taken. Thus the findings of this study enable to minimise the 
adverse effects of DAS in high rise buildings with CFT columns and thereby enable 
their smooth operation with reduced maintenance costs. 
7.3. Recommendation for future research 
It is recommended to use on-site measurements in real time in a building with CFT 
columns to further improve the vibration based method developed in this research. 
This study has not comprehensively considered the effects of asymmetry and 
torsional coupling on the ASs in the vertical members in the high rise building. These 
effects can have considerable influence and this topic is recommended for further 
study. 
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APPENDIX A  
Concrete time dependent material model 
This study incorporated the material model recommended in Eurocode 2.  
The time dependent Young’s modulus of elasticity: 
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Drying shrinkage strain: 
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Autogenous shrinkage: 
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The input data necessary to conduct the creep and shrinkage calculations are: 
28cmf  is the mean compressive strength (MPa) 
s, sd1α and sd2α   coefficient related to cement type  
28cmE  is the Young's modulus of elasticity in 28days 
t   is the age of concrete in days at the moment considered 
t0 is the age of concrete at loading in days 
(t – t0)  is the non-adjusted duration of loading in days 
Ac  is the concrete cross-sectional area 
u  is the perimeter of the member in contact with the atmosphere 
RH is the ambient relative humidity (%) 
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APPENDIX B 
FORTRAN code used for post processing of elastic deformations to determine AS 
 
Program longterm_deformations 
Implicit none 
    
double precision ZERO,TEENY 
PARAMETER        (ZERO = 0.0d0)    
double precision s0,fcm28,RH,Ac,Ac2,u,Ec,Er,kh,alpha_ds1, 
alpha_ds2,ts,n,n2,n3,height,time,cons_cycle,t0,& 
alpha_1,alpha_2,alpha_3,h0,h0_2,phi_RH,beta_H,beta_H_min,beta_fcm,& 
sbs_creep,Ec_thao,beta_thao_0,phi0,beta_c_t_thao,phi_t_thao,increep,
lo_day,time_count, beta_c_t_thao_reduce,& 
sbs_creep_eq,nodal_cumulative,creep_main,tot_creep_minus,creep_minus
,nodal_shortening,firstlo_day, bday, constructionstage_time, & 
tm, Ec_0, Ec_tm, Ec_tm1, Eci, j_thao, beta_tm_t0, phi0_tm_t0, 
beta_c_tm_t0,& 
phi_tm_t0, j_tm_t0, beta_thao_tm, phi0_thao_tm, beta_c_thao_tm, 
phi_thao_tm, & 
j_thao_tm, beta_tm_tm1, phi0_tm_tm1, beta_c_tm_tm1, phi_tm_tm1, 
j_tm_tm1, Relax_thao, agingcoef_thoa0, AAEM_thao0, tm_time, & 
Ec_tm_time, Ec_tm1_time, beta_thao_time, phi0_time, 
beta_c_t_thao_time, phi_t_thao_time, j_thao_time, beta_tm_t0_time, 
beta_c_tm_t0_time,&  
phi0_tm_t0_time, phi_tm_t0_time, j_tm_t0_time,beta_thao_tm_time, 
phi0_thao_tm_time, beta_c_thao_tm_time, phi_thao_tm_time, 
j_thao_tm_time,& 
beta_tm_tm1_time, phi0_tm_tm1_time, beta_c_tm_tm1_time, 
phi_tm_tm1_time, j_tm_tm1_time, Relax_thao_time, 
agingcoef_thoa0_time, AAEM_thao0_time, increep_time 
double precision beta_RH, eps_cd_0, cumulative_shrink, 
b_day,tc_shrink, beta_ds_tts,beta_ds_tts_0,eps_cd_dot 
double precision cumulative_autogenous, eps_ca_inf,b_day_auto, 
tc_autogenous, beta_as_thao, beta_as_thao_0, eps_ca_dot 
double precision tot_shrink,tot_shrink_eq  
double precision ::concretelevelling(1:65,0:65)=ZERO  
double precision ::eps_elastic(1:65,1:65)=ZERO  
double precision shortening_creep(65), Final_shortening_creep(65) 
double precision 
nodal_dShrink(65),nodal_aShrink(65),shortening_shr(65),totshort_lt(6
5)  
integer 
Tot_floors,lag,Tot_timereads,Storey_No,creep_cycle,start,start_0 
integer a,b,i,j,k,m,p,y,q,r,s,v,w,x 
 
!Input prameters for creep calculations      
fcm28 = 80.0d0 
RH     = 100.0d0 
u     = ZERO 
Ec  = 42000.0d0  
Er =5.0d0 !modular ratio of steel to concrete 
kh    =0.7d0 
alpha_ds1=4.0d0 
alpha_ds2=0.12d0 
s0=0.25d0 
ts    =7.0d0 !start day for curing for each cycle 
height=4.0d0 ! floor height 
Tot_floors=60 
time=448.0d0    !Time after construction considered for calcs 
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cons_cycle=7.0d0 !construction cycle in days 
t0=7.0d0 
lag=3.0d0 
 
!For creep calculations********************** 
!Calculation of constant values          
alpha_1=(35.0d0/fcm28)**0.7d0 
alpha_2=(35.0d0/fcm28)**0.2d0 
alpha_3=(35.0d0/fcm28)**0.5d0  
 
beta_fcm=16.8d0/((fcm28)**0.5d0) 
 
!Read elastic strains for all floors 
a=1 
Tot_timereads=Tot_floors+lag 
OPEN(unit=100,status='old',ACCESS='SEQUENTIAL',file='H:/AllExcel_Phd
/Thesis/Fintelcalcs/CFTbuildingPaper2/Trial1/elastic_intermediatecol
umn.txt')  
DO a=1,Tot_floors 
read(100,*) (eps_elastic(a,b),b=1,Tot_timereads) 
ENDDO 
close (100)  
 
!Creep calculation 
DO i = 1,Tot_floors 
Storey_No=i    
!Calculating the creep constants 
if (i.le.21)then 
Ac= 982083.1429d0 
n= 5.806433d0 
elseif (i.le.41) then 
Ac=602938.2857d0 
n= 5.554513d0 
else if (i.le.60) then 
Ac=482944.0d0 
n= 4.123282d0 
else 
Ac=ZERO 
n=ZERO 
endif 
   
if(u.gt.ZERO)then 
h0=(2.0d0*Ac)/u 
phi_RH=(1.0d0+(((1.0d0-(RH/100.0d0))*alpha_1)/(0.1d0*(h0**(1.0d0/ & 
3.0d0)))))*alpha_2 
beta_H=1.5d0*(1.0d0+((0.012d0*RH)**18.0d0))*h0+250.0d0*alpha_3 
beta_H_min=1500.0d0*alpha_3       
if (beta_H.gt.beta_H_min)then 
beta_H=beta_H_min 
else 
endif           
else  
phi_RH=alpha_2 
beta_H=1500.0d0*alpha_3 
endif  
 
 !************************************************** 
          firstlo_day=cons_cycle*(i+lag) !time of loading from 
project start 
          bday=firstlo_day-t0    
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          DO j = Storey_No,Tot_floors  !creep for columns at 
different construction stages to implement concrete levelling effect 
          start =lag+j 
          constructionstage_time=cons_cycle*start 
          tm=((constructionstage_time-bday)+(firstlo_day-bday))/2 
!Caclculating loading times for all creep compliance functions   
           
          Ec_thao=ZERO 
          beta_thao_0=ZERO 
          phi0=ZERO  
          beta_c_t_thao=ZERO 
          phi_t_thao=ZERO 
          increep=0.0d0 
 
          !Calculating time varying E value 
                                                           
            Ec_0=((EXP(s0*(1.0d0-((28.0d0/t0)**&         ! time 
varying E values for all creep compliance functions 
              0.5d0))))**0.3d0)*Ec 
            Ec_tm=((EXP(s0*(1.0d0-((28.0d0/tm)**& 
              0.5d0))))**0.3d0)*Ec 
            Ec_tm1=((EXP(s0*(1.0d0-((28.0d0/(tm-1.0d0))**& 
            0.5d0))))**0.3d0)*Ec 
            Eci=2.2*(10**4)*((fcm28/10)**0.3)   
                      
          beta_thao_0=1.0d0/(0.1d0+(t0**0.2d0))      !current creep 
compliance function calculation                    
          phi0=phi_RH*beta_fcm*beta_thao_0 
          if (constructionstage_time.gt.firstlo_day) then 
          beta_c_t_thao=((constructionstage_time- 
firstlo_day)/(beta_H+constructionstage_time & 
          -firstlo_day))**(0.3d0)   
          else 
          beta_c_t_thao=ZERO 
          endif 
          phi_t_thao=phi0*beta_c_t_thao                                                        
          j_thao=(1/Ec_0)+(phi_t_thao/(1.05*Eci))                        
                                                                
          beta_tm_t0=1.0d0/(0.1d0+((t0)**0.2d0))                            
!compliance function calculation j_tm_t0 
          phi0_tm_t0=phi_RH*beta_fcm*beta_tm_t0 
          if (tm.gt.t0) then 
          beta_c_tm_t0=((tm-t0)/(beta_H+tm & 
          -t0))**(0.3d0)   
          else 
          beta_c_tm_t0=ZERO 
          endif 
          phi_tm_t0=phi0_tm_t0*beta_c_tm_t0 
          j_tm_t0=(1/Ec_0)+(phi_tm_t0/(1.05*Eci)) 
 
          beta_thao_tm=1.0d0/(0.1d0+(tm**0.2d0))                             
!compliance function calculation j_thao_tm 
          phi0_thao_tm=phi_RH*beta_fcm*beta_thao_tm 
          if (constructionstage_time.gt.(tm+bday)) then 
          beta_c_thao_tm=((constructionstage_time-
(tm+bday))/(beta_H+constructionstage_time & 
          -(tm+bday)))**(0.3d0)   
          else 
          beta_c_thao_tm=ZERO 
          endif 
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          phi_thao_tm=phi0_thao_tm*beta_c_thao_tm 
          j_thao_tm=(1/Ec_tm)+(phi_thao_tm/(1.05*Eci)) 
        
          beta_tm_tm1=1.0d0/(0.1d0+((tm-1.0d0)**0.2d0))                             
!compliance function calculation j_tm_tm1 
          phi0_tm_tm1=phi_RH*beta_fcm*beta_tm_tm1 
         ! if (time.gt.lo_day) then 
          beta_c_tm_tm1=((tm-(tm-1.0d0))/(beta_H+tm & 
          -(tm-1.0d0)))**(0.3d0)   
         ! else 
          !beta_c_tm_tm1=ZERO 
          !endif 
          phi_tm_tm1=phi0_tm_tm1*beta_c_tm_tm1 
          j_tm_tm1=(1/Ec_tm1)+(phi_tm_tm1/(1.05*Eci)) 
        
        if (constructionstage_time.gt.firstlo_day) then 
        Relax_thao=(0.992/j_thao)-
(0.115/j_tm_tm1)*((j_tm_t0/j_thao_tm)-1)    !Relaxation coefficient 
        agingcoef_thoa0=(Ec_0/(Ec_0-Relax_thao))-(1/phi_t_thao)               
!Aging coeffiicent 
        AAEM_thao0= Ec_0/(1+(agingcoef_thoa0*phi_t_thao))                     
!Age adjusted effective modulus method   
        concretelevelling(i,j)=((-
1)*eps_elastic(i,start))*((Ec_0/AAEM_thao0)-1.0d0)  !creep of column 
i at loading stage j, at the activation of column j+1 
        else                                                                       
!example: concretelevelling(1,2) creep of column 1 at time of 2nd 
loading step;activation of column 3 
        agingcoef_thoa0=ZERO 
        AAEM_thao0=Ec_0 
        concretelevelling(i,j)=ZERO 
        endif 
        ENDDO 
         
         
!Final value of creep for each column***************** 
         tm_time=((time-bday)+(firstlo_day-bday))/2 !Caclculating 
loading times for all creep compliance functions 
          !Calculating time varying E value 
            Ec_tm_time=((EXP(s0*(1.0d0-((28.0d0/tm_time)**& 
              0.5d0))))**0.3d0)*Ec 
            Ec_tm1_time=((EXP(s0*(1.0d0-((28.0d0/(tm_time-1.0d0))**& 
            0.5d0))))**0.3d0)*Ec 
            
          beta_thao_time=1.0d0/(0.1d0+(t0**0.2d0))      !current 
creep compliance function calculation                    
          phi0_time=phi_RH*beta_fcm*beta_thao_time 
          if (time.gt.firstlo_day) then 
          beta_c_t_thao_time=((time-firstlo_day)/(beta_H+time & 
          -firstlo_day))**(0.3d0)   
          else 
          beta_c_t_thao_time=ZERO 
          endif 
          phi_t_thao_time=phi0*beta_c_t_thao_time                                                        
          j_thao_time=(1/Ec_0)+(phi_t_thao_time/(1.05*Eci))                        
                                                                
          beta_tm_t0_time=1.0d0/(0.1d0+((t0)**0.2d0))                            
!compliance function calculation j_tm_t0 
          phi0_tm_t0_time=phi_RH*beta_fcm*beta_tm_t0_time 
          if (time.gt.firstlo_day) then 
          beta_c_tm_t0_time=((tm_time-t0)/(beta_H+tm_time & 
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          -t0))**(0.3d0)   
          else 
          beta_c_tm_t0_time=ZERO 
          endif 
          phi_tm_t0_time=phi0_tm_t0_time*beta_c_tm_t0_time 
          j_tm_t0_time=(1/Ec_0)+(phi_tm_t0_time/(1.05*Eci)) 
 
          beta_thao_tm_time=1.0d0/(0.1d0+(tm_time**0.2d0))                             
!compliance function calculation j_thao_tm 
          phi0_thao_tm_time=phi_RH*beta_fcm*beta_thao_tm_time 
          if (time.gt.firstlo_day) then 
          beta_c_thao_tm_time=((time-(tm_time+bday))/(beta_H+time & 
          -(tm_time+bday)))**(0.3d0)   
          else 
          beta_c_thao_tm_time=ZERO 
          endif 
          phi_thao_tm_time=phi0_thao_tm_time*beta_c_thao_tm_time 
          
j_thao_tm_time=(1/Ec_tm_time)+(phi_thao_tm_time/(1.05*Eci)) 
        
          beta_tm_tm1_time=1.0d0/(0.1d0+((tm_time-1.0d0)**0.2d0))                             
!compliance function calculation j_tm_tm1 
          phi0_tm_tm1_time=phi_RH*beta_fcm*beta_tm_tm1_time 
          if (time.gt.firstlo_day) then 
          beta_c_tm_tm1_time=((tm_time-(tm_time-
1.0d0))/(beta_H+tm_time & 
          -(tm_time-1.0d0)))**(0.3d0)   
          else 
          beta_c_tm_tm1_time=ZERO 
          endif 
          phi_tm_tm1_time=phi0_tm_tm1_time*beta_c_tm_tm1_time 
          j_tm_tm1_time=(1/Ec_tm1_time)+(phi_tm_tm1_time/(1.05*Eci)) 
        
        Relax_thao_time=(0.992/j_thao_time)-
(0.115/j_tm_tm1_time)*((j_tm_t0_time/j_thao_tm_time)-1)    
!Relaxation coefficient 
        agingcoef_thoa0_time=(Ec_0/(Ec_0-Relax_thao_time))-
(1/phi_t_thao_time)               !Aging coeffiicent 
 
        AAEM_thao0_time= 
Ec_0/(1+(agingcoef_thoa0_time*phi_t_thao_time))                     
!Age adjusted effective modulus at final time   
 
          increep_time=((-
1)*eps_elastic(i,Tot_timereads))*((Ec_0/AAEM_thao0_time)-1.0d0)                
!total creep strain for column i 
          shortening_creep(i)=increep_time/(Er*(n/100)+1)                                           
!write to array  
           
ENDDO                                   
        !Calculating the final cumulative nodal displacements**** 
        Do m=1,Tot_floors 
        nodal_cumulative=ZERO 
             Do p=1,m 
             !Constants+ 
             if (p.le.21)then 
             n2=5.806433d0 
             elseif (p.le.41) then 
             n2=5.554513d0 
             else if (p.le.60) then 
             n2=4.123282d0 
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             else 
             n2=ZERO 
             endif 
              
             creep_main=shortening_creep(p) 
             tot_creep_minus=ZERO 
                if (m.gt.1) then 
              creep_minus=concretelevelling(p,m-1) 
              nodal_shortening=creep_main-
(creep_minus/(Er*(n2/100)+1)) 
                  else 
                  nodal_shortening=creep_main 
                  endif 
                nodal_cumulative=nodal_cumulative+nodal_shortening 
             enddo 
        Final_shortening_creep(m)=nodal_cumulative*height*1000 
        Enddo 
        !Write the nodal cumulative creep shortening to file 
        
OPEN(unit=101,status='unknown',ACCESS='APPEND',file='H:/AllExcel_Phd
/Thesis/Fintelcalcs/CFTbuildingPaper2/Trial1/creep_deformation.txt') 
!opens the results file to write final results 
        Do q=1,Tot_floors                               
        Write(101,*)Final_shortening_creep(q) 
        end do 
        close (101) 
!Shrinkage Calculation******************************************** 
!Drying Shrinkage part**       
beta_RH= 1.55d0*(1.0d0-((RH/100.0d0)**3.0d0)) 
eps_cd_0 = 0.85d0*((220.0d0+110.0d0*alpha_ds1)*(EXP(((-1)*& 
alpha_ds2)*(fcm28/10.0d0))))*(10.0d0**(-6.0d0))*beta_RH 
!fcm0=10 above 
Do r=1,Tot_floors 
if (r.le.21)then 
   n3= 5.806433d0 
   elseif (r.le.41) then 
   n3= 5.554513d0 
   else if (r.le.61) then 
   n3= 4.123282d0 
   else 
   n3=ZERO 
   endif 
!Drying Shrinkage part** 
cumulative_shrink=ZERO 
if(u.gt.ZERO)then 
  Do s=1,r 
  !Constants 
   if (s.le.21)then 
   Ac2= 982083.1429d0 
   elseif (s.le.41) then 
   Ac2=602938.2857d0 
   else if (s.le.61) then 
   Ac2=482944.0d0 
   else 
   Ac2=ZERO 
   endif 
   h0_2=(2.0d0*Ac2)/u 
   ! 
   b_day=cons_cycle*(s-1+lag) 
   tc_shrink=cons_cycle*(r-1+lag) 
    beta_ds_tts=((time-b_day)-ts)/(((time-b_day)-
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ts)+(0.04d0*((h0_2**& 
    3.0d0)**0.5d0))) 
    if (tc_shrink.gt.(b_day+ts)) then 
    beta_ds_tts_0=((tc_shrink-b_day)-ts)/(((tc_shrink-b_day)-
ts)+(0.04d0*((h0_2**&  
    3.0d0)**0.5d0))) !tc_shrink:calculating shrinkage at each 
construction step 
    else 
    beta_ds_tts_0=ZERO 
    endif 
    eps_cd_dot=(beta_ds_tts-beta_ds_tts_0)*kh*eps_cd_0 
    cumulative_shrink=cumulative_shrink+eps_cd_dot 
    enddo 
 nodal_dShrink(r)=cumulative_shrink 
 else 
 nodal_dShrink(r)=ZERO 
 endif  
!Autogenous Shrinkage part**    
cumulative_autogenous=ZERO   
if((fcm28-18.0d0).gt.ZERO)then 
eps_ca_inf=2.5d0*(fcm28-18.0d0)*(10.0d0**(-6.0d0))  
else 
eps_ca_inf=ZERO 
endif     
  Do v=1,r 
  b_day_auto=cons_cycle*(v-1+lag) 
  tc_autogenous=cons_cycle*(r-1+lag)  
  beta_as_thao=1.0d0-(EXP((-0.2d0)*((time-b_day_auto)**0.5d0)))    
  if (tc_autogenous.gt.b_day_auto) then    
  beta_as_thao_0=1.0d0-(EXP((-0.2d0)*((tc_autogenous-
b_day_auto)**0.5d0)))    
  else 
  beta_as_thao_0=ZERO 
  endif 
  eps_ca_dot=(beta_as_thao-beta_as_thao_0)*eps_ca_inf     
  cumulative_autogenous=cumulative_autogenous+eps_ca_dot 
  enddo 
nodal_aShrink(r)=cumulative_autogenous 
 
!Total shrinkage strain and the deformation     
tot_shrink=cumulative_shrink+cumulative_autogenous     
tot_shrink_eq= (tot_shrink)/(Er*(n3/100)+1)  
shortening_shr(r)= tot_shrink_eq*height*1000 
totshort_lt(r)=Final_shortening_creep(r)+shortening_shr(r)  
enddo 
!Write the nodal cumulative drying shrinkage shortening to file 
OPEN(unit=102,status='unknown',ACCESS='APPEND',file='H:/AllExcel_Phd
/Thesis/Fintelcalcs/CFTbuildingPaper2/Trial1/longterm_defor_totshrin
k.txt') !opens the results file to write final results 
Do w=1,Tot_floors 
Write(102,*)shortening_shr(w) 
end do 
close (102)  
OPEN(unit=103,status='unknown',ACCESS='APPEND',file='H:/AllExcel_Phd
/Thesis/Fintelcalcs/CFTbuildingPaper2/Trial1/longterm_defor_final.tx
t') !opens the results file to write final results 
Do x=1,Tot_floors 
Write(103,*)totshort_lt(x) 
end do 
close (103)   
end  
